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The isolation and structural characterization of substances present at very low 
concentrations, as is necessary to satisfy regulatory requirements for pharma-
ceutical drug degradants and impurities, can present scientific challenges. The 
coupling of HPLC with NMR spectroscopy has been at the forefront of cutting-
edge technologies to address these issues.  LC-NMR: Expanding the Limits of
 Structure Elucidation presents a comprehensive overview of key concepts in
 HPLC and NMR that are required to achieve definitive structure elucidation with
 very low levels of analytes. Because skill sets from both of these highly esta-
blished disciplines are involved in LC-NMR, the author provides introductory
 background to facilitate readers’ proficiency in both areas, including an entire
 chapter on NMR theory

This book provides guidance in setting up LC-NMR systems, discussion of LC 
methods that are compatible with NMR, and an update on recent hardware and 
software advances for system performance, such as improvements in magnet 
design, probe technology, and solvent suppression techniques that enable 
unprecedented mass sensitivity in NMR. It also describes numerous NMR 
collection strategies, including continuous flow, stop flow, solid phase extrac-
tion (SPE), loop collection, and capillary electrophoresis. In addition, the author 
presents an overview of NMR experiments and techniques used in structure 
elucidation. 

The text focuses on current developments in chromatographic-NMR integra-
tion, with particular emphasis on utility in the pharmaceutical industry. Applica-
tions include trace analysis, analysis of mixtures, and detection of degradation 
products, impurities, metabolites, peptides, and more. The text discusses novel 
uses and emerging technologies that challenge detection limits as well as future 
directions for this important technique. This book is a practical primary resource 
for NMR structure determination—including theory and application—that guides 
the reader through the steps required for isolation and NMR structure elucida-
tion on the micro scale. 
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Foreword
When LC-NMR (liquid chromatography-nuclear magnetic resonance) was intro-
duced, some good people lost their jobs by buying into it with expectations that it 
would be like LC-MS (liquid chromatography-mass spectrometry) and capture a 
comprehensive data set that could subsequently be mined for answers to unspecified 
questions. Over the decade since, a number of approaches have been introduced—
both online and off-line—that better balance the relative costs of material and time, 
of isolating more analyte, or of targeting the NMR analysis to specific questions.

But the need for LC-NMR is often inescapable. MS and NMR have for decades 
been the two dominant front-line chemical analyses. Each gives tremendously rich 
information, and the two are complementary.

Mass spectra provide a molecular formula of what atoms are present; NMR tells 
how those atoms are connected into the different chemical moieties that make a 
structure. MS is the engine of proteomics, but it was NMR that solved the heparin 
crisis. MS can quickly flag that a molecule has been glycated or demethylated; NMR 
resolves isomers to pinpoint the site of metabolism or degradation.

You may be looking at this book with a simple need for an NMR spectrum to fol-
low up on an LC-MS peak. Or you may need a chromatogram that detects analytes 
that have poor UV absorbance and MS ionization, like glycans and lipids. You may 
be facing a one-time analysis, or perhaps you are developing a method for 100 clini-
cal samples. You may be a manager building up analytical capabilities and choosing 
which tools to invest in.

Finally, we have the relevant coverage in one concise, self-consistent volume. 
Sensitivity is a first concern, but it is also a distraction from many other important 
considerations. The literature reports a spectrum of methods with improving sensi-
tivity, from the original online methods, through stopped flow, then temporary local 
collection in loops or SPE cartridges (“at line”), to the old-school (pre-LC-NMR) 
approach of large-scale isolation and concentration into a micro-NMR probe. These 
methods have been reviewed (including the first chapter of this book), and most labo-
ratories have or can hire an expert to choose and concisely explain an optimal one.

What invariably goes beyond a one-hour consultation is the background about 
NMR and LC. Each of these fields is more than a semester course; each is a respected 
profession. Expecting a client or student to Google one or browse a library shelf and 
get just what he needs to know—his needle, without the haystack—is not realis-
tic. Why this book is so exciting, and so needed, are the chapters that concisely 
cherry-pick the relevant fundamentals, explaining them in terms of how they relate 
to finding the best compromise for an LC-NMR analysis, and illustrating them with 
successful applications. For example, LC for LC-NMR is different: The usual prior-
ity in LC is to achieve baseline resolution, but NMR can ignore contamination, and 
LC can even use NMR resolution to distinguish co-eluting compounds (see time 
slicing). MS is a “concentration-sensitive” technique, so achieving narrow LC peaks 
in capillary columns can improve LC-MS sensitivity by several orders of magnitude. 
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In contrast, the first concern in NMR is obtaining mass, as many micrograms as pos-
sible, favoring larger columns with high loading (high concentration is convenient, 
but secondary). This book provides a browsable resource to send a client home with, 
keeping a second copy to review myself, as I look for loopholes in conventional wis-
dom when cracking an apparent analytical paradox in method development.

A preemptive word of encouragement is in order. You won’t get it on the first 
reading. As much as I can praise Nina’s straightforward, to-the-point explanations 
of the parts of LC-NMR, the value of LC-NMR is that the whole is more than the 
sum of the parts. I warn my NMR students to expect to read five books, each time 
seeing a little more how the parts fit together; but finally it will come together, and it 
will seem simple because you understand it. They invariably praise the author of the 
last book as explaining it clearly, but credit is to the student who perseveres. What 
does truly help is approaching the vast field with the selectivity of your own specific 
problem: We remember effortlessly the answers to our own questions.

Although other important questions are shadowed by the sensitivity issue, the 
sensitivity issue is the starting point. Where MS can tell you nearly everything it 
can tell you (fragmentation) in under a second with a nanogram of analyte, NMR 
requires hours to days at the microgram level. MS is a great online technique. The 
data come in faster than you can look at it, so stream it to your hard disk and go 
over it off-line: “Shoot first, ask questions later.” With NMR, the limit of detection 
(LOD) in a 15-second acquisition window for on-flow LC-NMR provides a crude 
one-dimensional (1‑D) proton spectrum of only major components of an overloaded 
LC column. It often only tells you that you just missed something.

Another important contrast with MS, important for planning, is that the LOD 
of NMR spans several orders of magnitude, depending on which NMR analysis is 
needed: A simple 1‑D proton spectrum may be adequate to confirm or contradict a 
hypothetical structure, and could be obtained from on-flow NMR of a peak with 10 
μg, or stopped flow from 1 μg overnight, or a microcoil with 100 ng over a weekend. 
If your analysis needs good integrals and coupling constants, you need threefold 
more material to get a better 1‑D spectrum (or 10 times more time); a COSY spec-
trum to show which protons are neighbors might need threefold more and NOEs 
fivefold more; proton-carbon correlations require fivefold more material and to be 
acquired overnight; direct carbon requires fivefold more material.

Thus, in contrast to the “shoot first, ask questions later” of LC-MS, an LC-NMR 
analysis may need to be targeted to a specific question, which may often be one 
established by a prior LC-MS analysis. And there may be triage: A single scan may 
show there isn’t adequate signal-to-noise ratio (S/N) to get your HMBC (hetero-
nuclear multiple bond correlation) data, even over the long weekend, so you should 
move to the next question on your list. The answer you need may require pooling 
the LC peak isolated from 20 LC injections, and then concentrating it all into a 
micro-NMR probe—which was essentially the approach before LC-NMR promised 
to streamline all that.

So an LC-NMR analysis could be as straightforward as a few hours to get a 
stopped-flow spectrum of a short-lived intermediate, or it could lead to a meeting 
bringing together the chemists to speculate on what structures might be present, the 
mass spectroscopist to clarify exactly what MS leaves unresolved, your NMR expert 
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on what experiments can resolve it, the animal study people to tell you the daunting 
costs of obtaining more material, and the regulatory compliance people to testify to 
the exorbitant cost of time … or of not getting the answer.

At last we have a textbook so that we can all start on the same page. A self-consis-
tent text in one voice and one volume that someone facing an LC-NMR application 
can review in deciding what expertise to bring in, a volume that someone can hand 
out to the team for a primer on the parts they don’t know. Whether these roles are 
people around a table, or different hats you wear yourself, they each need to under-
stand the big picture to see where they fit, what they’re getting into, and hopefully 
contribute something unexpected that leads to a better, faster, cheaper answer to the 
motivating question.

Roger Kautz
Barnett Institute of Chemical and Biological Analysis

Northeastern University, Boston, MA





xv

© 2010 Taylor & Francis Group, LLC

Preface
The idea for this book began with a suggestion from a colleague. I had just finished 
writing a chapter entitled “Chromatographic Separation and NMR: An Integrated 
Approach in Pharmaceutical Development” for Advances in Chromatography and 
hence had completed a relatively comprehensive review of the recent improvements 
of HPLC and NMR integrated technologies. In the process of compiling a large 
amount of information for the book chapter, it became clear that much of this very 
valuable information was scattered throughout multiple sources. So when the offer 
to write a book on this topic was first presented, I knew that this was something that 
needed to be done, and so I agreed to embark on this venture, even though it was 
clear that the path ahead would require a major commitment of personal time and 
effort.

My interest in exploiting LC-NMR and microcryoprobe technology arose from 
necessity. As part of an analytical development group, I came to understand the 
scientific challenges with respect to isolating and structurally characterizing very 
low levels of degradants and impurities that are needed to satisfy the requirements 
of regulatory agencies. This is primarily due to the fact that drug products may 
undergo degradation during manufacturing and storage. In addition, drug substances 
can yield impurities during chemical synthesis. Such degradation products or pro-
cess impurities can have potential toxic or mutagenic properties; hence regulatory 
agencies require that substances at ≈0.1% or greater be characterized so that their 
potential toxic properties may be evaluated. This information is a critical component 
in regulatory documents for the assessment of drug safety.

The typical approach that has been historically employed to answer such ques-
tions has been mass spectrometry and HPLC. While these technologies are often 
used to provide rapid structural information, the results from such studies are not 
always conclusive or unambiguous.

Although NMR spectroscopy is a powerful technology for structure elucidation, it 
is still relatively insensitive. To complicate matters further, the molecules in question 
that arise as degradation products or process impurities at the 0.07%–0.1% impurity 
levels often have unusual structures or are transient in nature, and so it is necessary 
not only to purify sufficient quantities for NMR characterization, but to acquire data 
sufficiently rapidly to ensure full structure determination.

To address these challenges, technologies such as LC-NMR and microcryoprobe 
capabilities were acquired. These additions were utilized with great success. This led 
to expansion of the work to include drug metabolism and pharmacokinetics (DMPK) 
collaborations involving metabolite isolation and structural characterization. It soon 
became clear that there was much untapped potential in the combination of these 
commercially available technologies.

In compiling the work for this book, the evolution and expansion of the LC-NMR 
and microcryoprobe technology was investigated. The information uncov-
ered during this investigation showed that these technologies have enabled many 
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different challenges in scientific investigations to be addressed to varying degrees. 
Applications in areas such as metabonomics and metabolomics (to analyze disease 
states by using biofluids), drug metabolism (to analyze biofluids such as urine or 
plasma), as well as structure characterization of unstable compounds or those formed 
in situ (compounds sensitive to light, oxygen, volatility, time, etc.), isolation of natu-
ral products from crude extracts, libraries from combinatorial chemistry or parallel 
synthesis, and even proteins have all been realized. In addition, many very impres-
sive advances have been made in probe design toward improving resolution and sen-
sitivity on increasingly smaller sample sizes. I have endeavored to include highlights 
of these achievements throughout this work.

I wrote this book with the intention of capturing key concepts required to achieve 
definitive structure elucidation of very low levels of analytes. In addition, because 
skill sets from two highly established disciplines (HPLC and NMR) are involved 
in utilizing these hyphenated technologies, I wanted to give the reader introductory 
background in both areas to facilitate proficiency in a secondary area of expertise. 
Finally, I have included many concepts and explanations that can serve as a guide 
and reference source to those interested in pursuing such studies, drawing from 
information that I have found to be particularly useful.

While this manuscript took more than a year and a half to complete, I had the 
advantage of working with a group of highly skilled and dedicated scientists in a 
truly collaborative environment. Hence, I wish to take this opportunity to thank my 
colleagues at Boehringer Ingelheim for many stimulating scientific discussions and 
for their helpful suggestions and advice. In particular, I would like to thank Gordon 
Hansen, Reggie Saraceno, and Daniel Norwood for fostering an environment that 
encourages publication and scientific excellence. I also wish to thank Paul Jones, 
Shirley Rodriguez, and Reggie Saraceno for providing critical review of portions of 
this manuscript. Lastly, I would like to extend special thanks to Nelu Grinberg and 
Chris Senanayake for their advice, encouragement, and moral support while this 
work was in progress.

Finally, I wish to thank my family (most especially my husband, Jerry) for their 
tolerance and patience during my many extended absences that included week-
ends, holiday events, and family gatherings. They are and will forever remain in 
my heart.
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1 Introduction to LC-NMR

1.1  HISTORICAL REVIEW

Nuclear magnetic resonance (NMR) is a powerful technology that has been exten-
sively used for the structural elucidation and characterization of organic, inorganic, 
and biological molecules. The technology is over sixty-five years old; however, dur-
ing this time frame, numerous applications have emerged, spanning nearly all scien-
tific disciplines ranging from nuclear physics to medicine.

The origins of NMR began with the simultaneous discovery of nuclear resonance 
in 1945. The discoveries were made by physicists in the laboratories of Edward 
Purcell at Harvard [1] and Felix Bloch at Stanford [2] using the materials parafilm 
and water, respectively. Bloch and Purcell were awarded the Nobel Prize in Physics 
in 1952 for their discovery. Although an initial goal of the physicists was to deter-
mine the magnetic moments of all known elements in the periodic table, their studies 
revealed unexpected findings regarding the magnetic properties of nuclei and their 
local environment. These early investigators found that the effects of electrons sur-
rounding the nucleus of a resonating atom introduced slight changes in the preces-
sional frequency of nuclei. This phenomenon gave rise to the concept of the chemical 
shift, which relates the electronic environment around the nuclei in a molecule to 
distinct resonance frequencies that are diagnostic of the molecular structure.

Although the discovery of NMR occurred in 1945, it wasn’t until 1951 that the 
ability of the chemical shift to provide structural information at the molecular level 
was demonstrated. The hypothesis was initially made by an organic chemist, S. 
Dharmatti, and it was Dharmatti and coworkers [3] who subsequently demonstrated 
the capability of the NMR technology in structure elucidation using the organic 
molecule ethanol. The importance of this discovery became apparent, and the tech-
nology was rapidly embraced by organic chemists who recognized the power of 
NMR in establishing chemical structure. However, in the early 1950s, the technol-
ogy was still in its infancy, and significant development soon followed. The initial 
challenge was to build homogeneous magnets with resolution better than 0.1 ppm 
and linewidths at 0.5 Hz. This was achieved in the mid 1950s, resulting in subse-
quent development and implementation of new techniques and processes, such as 
computer-assisted time averaging, to enhance sensitivity for elucidation of chemical 
structure [4].

Despite the introduction of homogeneous magnets and processes such as time 
averaging [5], NMR still suffered from poor sensitivity. One approach in improving 
sensitivity was to increase the magnetic field strength. This led to the development 
of superconducting solenoid magnets with circulating current in the coils that were 
cooled to 4 K with liquid helium [6]. The initial commercial magnets were available 
at 200 MHz. Today, magnets of approximately 1 GHz and beyond are being built and 
may be purchased. The introduction of Fourier transformation (FT) provided two 
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orders of magnitude improvement in signal-to-noise ratio (S/N) and enabled simul-
taneous recording of all spectral resonances [7]. Decoupling of abundant nuclei, 
such as protons, enabled isotopically dilute nuclei such as 13C to be more readily 
observed [8]. In 1971, a new era in NMR spectroscopy was created when Jeener [9] 
introduced the concept of two-dimensional (2‑D) Fourier transform NMR spectros-
copy. Inspired by the lecture of Jeener, Richard Ernst and coworkers [7, 8] showed 
that 2‑D FT NMR spectroscopy could be successfully applied to chemical research. 
Expansion of multidimensional NMR soon followed with the development of pow-
erful experiments to enable structure elucidation of complex molecules. Structures 
of organic, inorganic, and biological macromolecules such as proteins could be 
determined with these multidimensional techniques with accuracies rivaling that 
of single-crystal X-ray. Richard Ernst received the Nobel Prize in Chemistry for his 
contributions to NMR in 1991.

The development of NMR technology for structure elucidation employed the use 
of cylindrical NMR tubes. These tubes spanned a range of diameters from 3 mm 
up to 25 mm, with 5 mm being the most widely used. This configuration allowed 
chemists to dissolve a compound of interest in deuterated solvent (for 5-mm tubes, 
this was typically about 0.5–0.7 mL solvent) and easily recover the sample when a 
sufficiently volatile solvent was used. Since NMR is a nondestructive technology, the 
sample could be used and reused indefinitely as long as the compound remained sta-
ble in the NMR tube. Application of pulse Fourier-transform acquisition afforded an 
increase in signal-to-noise ratio (S/N) through the addition of free-induction decays 
(FIDs) (see Chapter 2), thereby enabling meaningful spectral data to be acquired on 
dilute sample concentrations or chemically dilute nuclei. Hence, the sample would 
reside in the magnet for as long as was required to collect a spectrum. Although 
experiments with flow NMR were reported as early as 1951 [10], use of the tube 
configuration would remain as the generally accepted practice until the integration 
of liquid chromatography (LC) and NMR spectroscopy.

While liquid chromatography dates back to 1903 [11], the invention of high-per-
formance liquid chromatography (HPLC), comprised of columns packed with small 
particles and high-pressure pumps, did not occur until the late 1960s. Extensive 
development of this technology involved incorporation of in-line detectors and auto-
matic injectors, all under computer control. In fact, highly sensitive detectors have 
extended the limits of detection to femtogram levels. These advancements led to 
a myriad of applications [11], and HPLC became widely used as an indispensable 
technology throughout analytical laboratories in both industry and academia. The 
capabilities of HPLC continue to improve with advancements in automation, speed, 
efficiency, and sensitivity. However, although HPLC has advanced significantly, one 
major limitation is the lack of a universal detector. In addition, separation of complex 
mixtures can still be challenging, requiring extensive method development.

The first integration of an HPLC system with an NMR spectrometer was pub-
lished by Watanabe and Niki in 1978 [12]. At that time, there had not yet been a 
paper published about the direct coupling of HPLC with NMR, although its potential 
ability in qualitative analysis was well recognized. However, a major issue that had 
to be considered was the inherent low sensitivity of NMR. In addition, at that time, 
the solvents used for NMR measurements were limited to a few possibilities, such 
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as deuterated chloroform or carbon tetrachloride. This limitation had to be tempered 
with HPLC considerations regarding the selection of the optimum solvents needed to 
achieve successful separation of analytes. Since optimal requirements for solvents in 
using NMR and HPLC may not be compatible, solvent selection was a notable chal-
lenge in interfacing the two technologies. For sensitivity issues, the development of 
Fourier transform–NMR was recognized as a means to overcome such difficulties, 
particularly with respect to samples exhibiting low solubility in an LC-NMR–com-
patible solvent. In addition, the difficulty with the solvent compatibility could be 
overcome by the improvements in hardware and software of both technologies.

In considering the direct coupling of LC and NMR, the resolution of NMR was 
acknowledged to be just as important as the sensitivity. Although sample spinning 
is not possible in the LC-NMR configuration, it was generally recognized that good 
resolution still needed to be achieved. For HPLC, the separation and column effi-
ciency were of critical importance. To minimize the dilution of solute that would be 
transferred to the LC-NMR probe, it was necessary to utilize an HPLC system with 
high column efficiency. Regarding the important role that solvent plays with both 
NMR and HPLC, there was a deliberate requirement to use solvents that did not 
contain hydrogen atoms (1H). Another recognized complication was the potential 
presence of impurities in the solvents that could compromise spectral quality due to 
the low content of the isolated solute. Hence the success of the first LC-NMR study 
depended upon a careful balance of solvent distribution and purity.

The first direct coupling of HPLC to an NMR spectrometer employed the use 
of a JEOL FT-NMR FX-60. The NMR probe was modified to be more sensitive 
than a standard probe because of the requirement of its exclusive use for observing 
proton (1H) signals. The flow cell consisted of a thin-wall Teflon tube of 1.4-mm 
inner diameter (ID) that penetrated the NMR probe and provided a flow-through 
structure. The effective length and volume of the LC-NMR probe were about 1 cm 
and 15 µL, respectively. The flow cell was connected to the detector of HPLC with 
thick-wall Teflon tubing of 0.5 mm ID and 165 cm in total length. Because this con-
necting tubing contributed to most of the broadening after the HPLC detector, it was 
made as short as possible. A schematic drawing of the LC-NMR system is shown 
in Figure 1.1. A series of valves were used to control the sample flow and resolution 
to the probe. Valve-1 was turned at a certain delay after the maximum of the chro-
matographic peak monitored by the HPLC detector, and the eluent was held in the 
LC-NMR probe during measurement of the NMR spectrum. The spectral resolution 
was achieved by introducing acetone-d6 into the probe through valve-2 to allow the 
signal to remain as durable as possible. This was because the HPLC solvent did 
not contain a deuterium signal; hence it was necessary to introduce deuterated ace-
tone through valve-2 to serve as the magnetic field lock. The investigators observed 
that when multiple transient acquisitions were required, the use of an external lock 
method resulted in compromised resolution.

The HPLC system used in this first reported LC-NMR study was composed of 
Milton Roy pump and Rheodyne universal injector with a loop of 20 µL. A silica 
column (30-cm × 4-mm ID) was used along with carbon tetrachloride or tetrachlo-
roethylene as the mobile phase. Effluents were monitored by the dielectric constant 
detector that was built in the investigators’ laboratory.
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To determine how much delay should be applied before turning valve-1 after the 
maximum detector peak appeared, the response of NMR versus the elapsed time 
was measured. The profile of the detector peaks was used to estimate the volume of 
the connecting tube and the flow rate of the mobile phase.

To test the LC-NMR system, 20 µL of sample solution containing three isomers 
of dimethylphenol were injected onto an EH-silica column (ETH-silica gel supplied 
by Toyo Soda Co., Inc.) using tetrachloroethylene as mobile phase. By stopping the 
eluents in the LC-NMR probe at 52 s after the maxima of each chromatographic 
peak, an NMR spectrum for each of the eluants was measured. The flow rate used 
was 0.77 mL/min. Examination of the spectra showed impurities in the mobile phase 
(see Figure 1.2). These spectra provided information sufficient to identify the indi-
vidual solutes. When an impurity was observed producing a single resonance, selec-
tive irradiation was used to suppress the impurity and enhance the spectral quality. 
The results obtained in this work demonstrated the first application of LC-NMR with 
adequate sensitivity and resolution.

The HPLC used in this work was described as normal-phase chromatography of 
restricted applicability. However, these investigators proposed that for future appli-
cations it would preferable to use reversed-phase ion-exchange chromatography. In 
addition, the importance of excluding the overwhelmingly large signal(s) due to sol-
vent in NMR spectrum (particularly if reverse-phase chromatography is used) was 
recognized as a critical challenge.

Hence it was acknowledged at the earliest stages of LC-NMR development that 
the direct coupling of FT-NMR to liquid chromatography required an effective 
selective-irradiation method that could suppress more than one solvent signal at the 
same time. Finally, apart from modifications to NMR hardware, the refinement of 
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FIGURE 1.1  Schematic diagram of LC-NMR direct coupling: (1) HPLC column inlet; (2) 
FT-NMR; (3) column; (4) dielectric constant detector; (5) three-way valve 1; (6) three-way 
valve 2; (7) injection port for resolution; (8) drain.
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HPLC with serial linking of two columns was acknowledged as a viable separation 
strategy. Two successive columns—one being a reversed-phase column for separa-
tion and the other a normal-phase column to enable conversion to the solvent suitable 
for NMR measurement—were also proposed.

One year following the 1978 report by Watanabe and Niki [12], Bayer and cowork-
ers [13] reported studies on the chromatographic separation and NMR evaluation 
of an equimolar mixture (50 µmol) of compounds ionol, anisole, and salol. Both 
stopped-flow and continuous-flow experiments were performed. These investigators 
used a specially constructed flow-probe design that was interfaced with a conven-
tional Bruker WH 90 spectrometer.

To design an appropriate system for flow NMR, a number of problems needed 
to be addressed that do not occur in a static tube environment. The first challenge 
involved the fact that the intensity of an NMR signal is dependent on the flow rate of 
the solvent. Hence when the flow-rate is low, there is a steady increase in magnetiza-
tion of nuclei, and the signal amplitude increases. With high flow rates, the signal 
amplitude decreases. When a flow-rate range of 0.5–2 mL/min is compatible with 
the HPLC separation process, not much change in the signal amplitude is expected. 
However, the half-width amplitude of the signal—and thus the overall resolution of 
the spectrum—can change with a large detector volume. The half-width amplitude is 
dependent on the viscosity of the solvent, the RF (radio frequency) field strength, the 
nonhomogeneity of the magnetic field, and above all on the time the sample dwells 
in the detector cell. Thus the line broadening depends on the flow-rate/detector vol-
ume ratio. In an HPLC-NMR combination, the flow rate is related to the separation 
process and, therefore, the detector volume is related to the elution volume of a peak.

500 400 300 200
(Hz)

(1)

(2)

(3)

100 0

FIGURE 1.2  LC-NMR injection of solution containing 2,6-dimethylphenol (1.2%), 
2,3-dimethylphenol (2%), and 3,5-dimethylphenol (2%) in tetrachloroethylene. The column 
used was ETH-silica, 4 mm ´ 30 cm; mobile phase: tetrachloroethylene, 0.77 mL/min. (1) 
2,6-dimethylphenol; elution time 7 min; (2) 2,3-dimethylphenol, elution time 20.2 min; (3) 
3,5-dimethylphenol, elution time 22.7 min. Signals from impurities in solvent are indicated 
with up arrows. (The figure is modified from Watanabe and Niki [12]. With permission.)
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To enable optimal performance, the following conditions for the construction of 
the flow cell had to be established:

	 1.	The cell must guarantee a sufficient particle concentration for the NMR 
measurement. For dilute samples, this would mean a relativeIy large vol-
ume. Additionally, the pulse Fourier transform-technique must be used in 
order to overcome the problems of low concentration and to accumulate the 
signals during the passage of the peaks through the NMR flow cell.

	 2.	The detector volume should not exceed the volume of a separation peak. 
Fortunately, the sample volume is typically larger than that of normal 
detectors. The cells should accommodate continuous-flow measurement as 
well as the stopped-flow technique. No turbulent flow should occur in the 
connections between the HPLC column and the NMR flow cell that would 
compromise sample integrity.

	 3.	The geometry of the flow cell must enable an optimum synchronization 
with the measuring coil. This requires straight and parallel cell walls in the 
actual measuring range.

	 4.	An intermingling of the separated peaks should not occur in the flow cell. 
This means that the geometry of the cell and the connections should be 
constructed in such a way that no turbulent flow arises.

Applying the aforementioned considerations to optimize performance of the insert 
coil, a flow cell was constructed having a detector volume of approximately 0.416 mL 
and an elution volume of 0.416 mL. A flow rate of 1 mL/min was used. The residence 
time in the detector flow cell was approximately 25 s. The initial flow cell design was 
found to cause peak mixing when the PTFE (polytetrafluoroethylene) capillary con-
nection tubing (0.23 mm ID) was directly connected to the cell (7 mm ID). Using a 
dye system, the flow profiles of various cell configurations were studied with the goal 
of optimizing the flow cell geometry and an optimal geometric arrangement was 
realized with sample entering through the bottom of the flow cell and exiting from 
the top. This configuration has been the basis for modern flow-cell design.

The chromatography used in this study employed normal phase columns and 
carbon tetrachloride as solvent. Because deuterated solvents required for field-fre-
quency stabilization were not used in the chromatography, the problem of introduc-
ing a deuterium signal was addressed by employing an external lock arrangement. 
Thus field-frequency stabilization was achieved with an ampoule containing D2O, 
which was placed near the actual NMR cell. The use of conventional nondeuterated 
solvents is possible with this arrangement.

One of the observations of the LC-NMR study was that the resolution of the NMR 
spectra in the LC-NMR system was poorer than for the conventional NMR system, 
which makes the measurement of small coupling constants difficult. This differ-
ence was initially attributed to nonrotation of the cell. A comparison of resolution 
in the stopped-flow versus the continuous-flow modes was also reported. Without 
the flow of the solvent (i.e., stopped-flow measurement) a resolution of 2.5 Hz was 
obtained. Upon changing the measuring technique from stopped flow to continuous 
flow at a flow rate of 1.5 mL/min, the observed resolution was about 3 Hz. Hence it 
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was determined that no substantial changes occur between the measurements in the 
stopped-flow and continuous-flow method.

The early investigators concluded that a major advantage of the constructed flow 
cell was its compatibility with conventional NMR systems, which in principle enables 
the coupling of the HPLC instrument and the NMR spectrometer without any non-
routine modifications to the NMR magnet and console [13]. The examples presented 
demonstrated that large amounts of information could be obtained from the coupling 
of HPLC separation with NMR detection. Of the three substantial pieces of informa-
tion from the 1H spectrum (ppm values, integration ratio, and coupling constant), the 
first two were easily obtained. Only the coupling constant was limited to >3 Hz. The 
detection limit was found to be in the µmol range. The solvent limitation was noted 
as a remaining challenge.

The initial LC-NMR reports led to many similar investigations, and the technology 
expanded rapidly [14]. Because LC-NMR required the use of an NMR probe configured 
for the observation of a sample flowing through tubing, this configuration led to further 
optimization of the design of the NMR flow probe, i.e., a probe designed to acquire 
NMR data on a sample introduced to a probe inside a magnet via capillary tubing.

In 1980, continuous-flow LC-NMR was used in a practical application where the 
investigators were analyzing mixtures of several jet fuel samples [15]. Deuterated 
chloroform and Freon-113 and normal-phase columns were the common conditions 
for LC-NMR used in these studies [16-19], limiting the application of this technique.

In 1982, Bayer et al. [20] reported the direct coupling of reverse-phase HPLC and 
high-field NMR spectroscopy. This was the first time superconducting magnets were 
used as opposed to iron magnets. NMR resolution was improved from 1–3 Hz to 0.5 
Hz, and the NMR sensitivity was increased by a factor of 10. The experimental detec-
tion limit with the continuous-flow collection modes was found to be in the lower 
micromolar range. For the stopped-flow collection mode, the detection limit was in 
the higher nanomolar range. Using either the continuous- or stopped-flow procedure 
allowed meaningful NMR data to be obtained without the use of deuterated solvents.

A study was reported using two NMR instruments of different magnetic field 
strengths, a Bruker WM 250 and Bruker WM 400, operating at 5.9 T and 9.4 T, 
respectively. Solvent line suppression was not necessary when using the 250-MHz 
instrument, which employed a 16-bit analog-to-digital converter (ADC). With the 
400-MHz instrument, solvent line suppression was necessary. This was achieved 
using either homonuclear decoupling in the case of solvents yielding only one signal, 
or homonuclear-gated decoupling for solvents with several signals.

Because superconducting magnets were used, a deuterium lock for field frequency 
stabilization was not required, since the field drift during data acquisition was neg-
ligible. However, the solvent resonance signals of the nondeuterated solvents were 
sometimes problematic. Depending upon the chromatographic parameters required 
for the particular separation, the ratio of the solvent to sample signal was between 
1,000:1 and 50,000:1. Although the dynamic range of the computer system for the 
250-MHz spectrometer was adequate, the 400-MHz instrument had a 12-bit ADC; 
hence the dynamic range was insufficient for the determination of very weak signals 
in the presence of very intense ones. The result of this condition was that suppression 
of solvent peaks had to be achieved by a factor of at least 16.
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Since chloroform-d was relatively inexpensive and amenable to recovery and 
repurification by distillation, it could be used for normal-phase chromatographic 
applications. Typically 30 mL of deuteriochloroform was used in each experiment. 
For reversed-phase chromatography, however, deuterated solvents were and still are 
considerably more expensive, so nondeuterated solvents were used.

A further problem arose when using a gradient between two solvents (e.g., aceto-
nitrile/water). Since the difference between the two solvent signals changes accord-
ing to the composition of the gradient, the ability to observe the analyte signals that 
resonate near solvent signals depended largely on the gradient.

Reversed-phase separations were carried out in acetonitrile as the mobile phase. 
The separation of diethyl and diisononyl phthalate (10 µmol) in acetonitrile was 
clearly observed in the UV chromatograms and the NMR spectra. The NMR data 
consisted of 29 1H NMR spectra, each spectrum being the sum of thirty-six scans 
that were acquired within 0.49 min. The resonance of the relatively large acetonitrile 
signal spanned a 0.5-ppm range. Nonetheless, analyte resonances lying within the 
aliphatic resonance region could be detected and assigned.

The reports of reverse-phase chromatography using an acetonitrile–water gra-
dient were quite encouraging [20]. The example of a drug separation showed that 
the NMR resolution of the stopped-flow spectra was equal to that of conventionally 
recorded spectra. This experiment showed that the LC-NMR probehead does not 
lead to loss of spectral information in relation to the conventional tube-based probe. 
Over the range of concentration of acetonitrile in water used, the resulting solvent 
window was sufficient to allow the classification of the drugs L-ephedrine hydro-
chloride and propyphenazone at 4-µmol concentration.

Separation was also reported using an aqueous buffer system as solvent. The 
1H-NMR spectra of a separation of L-lysine and L-alanine (5 µmol) in a KH2PO4/
H3PO4 buffer were obtained. The 1H-NMR signal of the phosphate buffer was 
located near the water resonance. Due to the high viscosity of the solvent, the resolu-
tion of the 1H-NMR spectra was poor. To acquire sufficient signal, a stopped-flow 
technique had to be employed.

Although there were still issues with solvent suppression and dynamic range, 
the promise of HPLC-NMR as a rapid and nondestructive technology in the isola-
tion and spectroscopic characterization of organic molecules approaching complex 
higher molecular weight was evident.

Despite the advances made in the early 1980s, there were still clear challenges that 
had to be addressed. In particular, the use of reversed-phase columns in LC-NMR 
complicated the NMR analysis because

	 1.	The use of more than one protonated solvent will very likely interfere with 
observation of the sample.

	 2.	The change in solvent resonances during the course of the chromatographic 
run when using solvent gradients will affect sample homogeneity and line 
broadening.

	 3.	Small analyte signals relative to those of the solvent will cause ADC over-
flow and pose serious problems in observing signals of interest.
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In 1995, Smallcombe, Patt, and Keifer [21] overcame some of these problems 
by developing a robust solvent suppression technique, which greatly improved the 
quality of the spectra obtained by continuous-flow or stopped-flow experiments. The 
optimization of the WET (water suppression enhanced through T1 effects) solvent-
suppression technique enabled the generation of high-quality data for 1‑D continu-
ous-flow and stopped-flow experiments and 2‑D experiments for the stopped-flow 
mode, such as WETTOCSY, WET-COSY, WET-NOESY, and others [21]. For more 
detail on solvent suppression, see Chapter 6, NMR Experiments.

1.2  FLOW AND NMR

Following the initial pioneering work in LC-NMR, several variations of flow NMR 
were developed, including stopped-flow NMR (stopping a sample inside the NMR 
flow cell) [22–37], continuous-flow NMR (pumping a sample continuously into a 
flow cell as it elutes from a column) [38, 39], or flow-injection or direct-injection 
NMR (pumping a sample into a flow cell without a chromatographic step) [40]. 
The stopped-flow mode of sample delivery to the NMR probe may be used with 
NMR systems both integrated and nonintegrated with a chromatographic unit. 
For cases where the NMR is interfaced with an HPLC unit, a selected compound 
peak that elutes from the column may be sent to an NMR flow cell and parked 
there for an indefinite period of time. In such cases, the chromatography would be 
stopped while the NMR data collection was taking place. This technique is ideal 
for stable samples that require long data acquisition for structure elucidation. It is 
not ideal if subsequent peaks remain on the column and need to be collected for 
NMR evaluation.

Rapid injection is used to acquire NMR data on unstable or rapidly reacting 
samples. With tube-based NMR (where the sample is placed in a glass tube that is 
lowered into the NMR probe in the magnet), there is often a lag time between “pre-
paring” the sample and acquiring the NMR data. Under such conditions, this time 
may be too long to allow a transient species to be observed. To address this issue, it 
was necessary to devise a system that would reduce sample transport time and allow 
observation of a transient species as it occurs inside the NMR probe. This becomes 
particularly important when monitoring chemical reaction intermediates and prod-
uct formation. Reports where two reactive species were mixed inside the NMR flow 
cell have been published by various investigators. One method involved placing the 
first reactant in an NMR tube in the magnet, and then injecting a second reactant into 
the tube using a syringe located outside the magnet. A second method was to flow 
two reactants into a mixer located outside the magnet and then flow the resulting 
mixture (through tubing) into the NMR flow probe [23–26, 41–55].

Because the continuous-flow experiment is best suited for the detection and char-
acterization of multiple component systems involving known or similar structures, 
this experiment has undergone significant evaluation and optimization. The tech-
nique is heavily dependent on the flow rate and retention volume to obtain sufficient 
resolution. This is because, in a continuous-flow experiment, the sample resides in 
the flow cell for a specified period of time. The residence time, τ, depends upon the 
volume in the flow cell and the flow rate.
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	 residence time detection volume
flow rate

τ = 	 (1.1)

Table 1.1 outlines the relationship of the cell volume and flow rate on the resi-
dence time and linewidth [14]. As the residence time τ in the flow cell increases, the 
linewidth decreases. Residence time is proportional to the effective lifetime of par-
ticular spin states. The effective relaxation rates (1/T) are increased by 1/τ, as seen 
in Equation (1.2). This effect is the same for longitudinal relaxation T1 and transverse 
relaxation T2.

	 1/T1/2flow = 1/T1/2static + 1/τ	 (1.2)

For a particular flow-cell volume, as the flow rate increases, the decrease in T1 can 
be compensated by increasing repetition rate. For T2, however, the shorter transverse 
relaxation results in broadening of the signal linewidth. The relationship between line-
width LW and T2flow is proportionally reciprocal. Hence as the flow increases in a fixed 
volume, the linewidth increases. Therefore, careful calculation of flow rate and detec-
tion volume needs to be performed when initiating a continuous-flow experiment.

From its first introduction in 1978 [12], the coupling of separation systems, such 
as high-performance liquid chromatography (HPLC) with NMR spectroscopy, is 
now at the forefront of emerging and cutting-edge technologies. Over the past several 
decades, LC-NMR has matured into a viable analytical tool for structure identifica-
tion and characterization [20]. Combined improvements in magnet design, probe 
technology, solvent-suppression techniques [21], and automation have contributed 
greatly to its scope and utility in the pharmaceutical industry. The advances in 

TABLE 1.1
Continuous-Flow NMR Spectroscopy: Residence Time and Line Broadening 
as a Function of Cell Volume and Flow Rate

Dwell Time, τ (s) Line Broadening, 1/τ (Hz)

Volume (µL)
Flow Rate

(0.5 mL/min)
Flow Rate

(1.0 mL/min)
Flow Rate

(0.5 mL/min)
Flow Rate

(1.0 mL/min)

44.0 5.28 2.64 0.19 0.38

60.0 7.20 3.60 0.14 0.28

120.0 14.40 7.20 0.07 0.14

200.0 24.00 12.00 0.04 0.08

Volume (µL)
Flow Rate
(0.01 µL/s)

Flow Rate
(0.02 µL/s)

Flow Rate
(0.01 µL/s)

Flow Rate
(0.02 µL/s)

0.005 0.05 0.25 2.00 4.00

0.050 5.00 2.50 0.20 0.40

0.5 50.00 2500 0.02 0.04

Source:	 Adapted from Albert [14].
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automation and sensitivity have pushed the limits of detection to enable unprec-
edented mass sensitivity for NMR detection. In addition, the modes of isolation that 
were developed have been integrated with the NMR technology in an automated 
fashion to facilitate the process. These collection modes include continuous-flow 
detection, stopped flow, solid-phase extraction (SPE), loop collection, and capillary 
electrophoresis [20, 21, 56]. Combinations of LC-NMR with detectors such as photo-
diode array (PDA) and mass spectrometry (MS) have resulted in powerful isolation 
and structure-elucidation systems.

Overall, LC-NMR has evolved into a robust technology that is now considered to 
be nearly routine [14]. This is in part due to the advancements made to the individual 
components of the hyphenated system. Notably, HPLC has become a robust technol-
ogy through the development of versatile instrumentation and advances in column 
solid support. In addition, sophisticated advances in NMR spectroscopic instru-
mentation along with advances in multidimensional NMR and solvent-suppression 
techniques have vastly expanded the range and breadth of NMR capabilities. This 
has been realized particularly with respect to the more challenging issues regarding 
sensitivity and limits of detection. These advances have had an acute impact on the 
hyphenated chromatographic-NMR capabilities.

Numerous reviews on chromatographic-NMR hyphenated systems have been writ-
ten, some of which have provided condensed, detailed descriptions of the LC-NMR 
technology with an historical perspective [14, 56–60]. This book will provide gen-
eral guidance in setting up an LC-NMR system, an introduction to NMR theory, dis-
cussion of LC methods that are compatible with NMR, an update on recent advances 
in system performance (both hardware and software), and an overview of NMR 
experiments and techniques used in structure elucidation. It will also focus on cur-
rent developments in chromatographic-NMR integration, with particular emphasis 
on applications and utility in the pharmaceutical industry. Finally, novel applications 
and emerging technologies that challenge detection limitations will be discussed.

1.3  SETTING UP THE LC-NMR SYSTEM

The installation of the LC-NMR equipment requires skill sets in both HPLC and 
NMR technologies. Ideally, a collaboration between persons skilled in NMR with 
knowledge of HPLC and persons skilled in HPLC with knowledge of NMR is desired. 
If one only has knowledge in NMR, it is possible that parts of the LC system could be 
damaged or solvents may become polluted. The values for the UV absorption pump 
pressures and the retention time need to be calibrated by an experienced operator. 
Likewise for NMR, the homogeneity of the flow probe needs to be adjusted, and 
the pulse widths and power levels need to be calibrated; otherwise, spectral integ-
rity will be compromised or serious damage to the system can occur. Installation 
of LC-NMR systems is often performed by a vendor’s service engineer; however, 
proper use and maintenance of the system requires individual(s) with knowledge of 
both technologies. The following discussion provides some practical guidance in 
setting up an LC-NMR system.

When setting up an LC-NMR system, the coupling of different kinds of chro-
matographic separation systems to a flow probe of an NMR spectrometer needs to 
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be established. With the currently available LC‑NMR probes, it is possible to use 
standard analytical-scale chromatography.

Separation techniques such as RP (reversed phase), NP (normal phase)-HPLC 
(high-performance liquid chromatography), GPC (gel permeation chromatography), 
and SEC (size-exclusion chromatography) may be integrated with an LC-NMR system. 
With special equipment, SFC (supercritical fluid chromatography) may also be used.

LC-NMR experiments can be performed in four main modes.

•	 On-flow mode
•	 Direct stopped-flow mode
•	 Loop-storage mode
•	 Solid-phase extraction (cartridge storage)

Several levels of automation are possible with modern NMR spectrometers. The 
NMR experiment can be run by manually adjusting parameters and individual func-
tions such as peak selection. Individual automated programs can also be employed, 
or the experiment can be run in a fully automated mode.

1.3.1  Continuous-Flow Mode

When configuring a continuous-flow mode, the outlet of the LC detector must be 
connected directly to the NMR probe. While the peaks are eluting, NMR spectra 
are continuously acquired. The chromatographic system is used to move the com-
pounds/peaks through the NMR cell.

The basic equipment added to an NMR spectrometer for a continuous-flow NMR 
experiment includes the following:

•	 An LC-NMR flow probe
•	 A stable HPLC system

1.3.2 D irect Stopped-Flow Mode

With a direct stopped-flow mode, the outlet of the LC-detector is connected directly 
to the NMR probe. An LC-detector (typically UV) is used to detect peaks eluting 
from the column. When a peak is detected, the flow continues until the peak arrives 
in the NMR cell. Once the sample is in the NMR flow cell, the chromatography 
pump and gradient stop and the NMR experiments are acquired. After the NMR 
experiments are completed, the chromatography continues until the next peak is 
found. This process can be repeated for several peaks within one chromatogram.

The basic equipment added to an NMR spectrometer for a stopped-flow NMR 
experiment includes

•	 Controlling station with chromatography software
•	 HPLC system controlled by chromatography software
•	 LC-NMR flow probe
•	 Peak router (sampling unit for multiple collections)
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1.3.3 S torage Mode

The outlet of the LC detector may be connected to sample loops or cartridges. An LC 
detector (typically UV) is used to detect peaks eluting from the column. A detected 
peak is moved into one of the sample loops without interrupting the chromatography. 
When the chromatography is completed, the HPLC pump can be used to transfer the 
peaks from the loops into the NMR probe.

The basic equipment added to an NMR spectrometer for storage collection in 
NMR flow experiments includes

•	 LC-NMR probe
•	 Pump under control of chromatography software for transfer
•	 An HPLC system
•	 Peak router (sampling unit for multiple collections)
•	 Controlling station with chromatography software

1.3.4  Calibrating the System

When setting up an LC-NMR system, the following materials are recommended:

•	 1.0 L acetonitrile (Use premium quality solvents for NMR.)
•	 1.0 L D2O 99.8% or better
•	 0.5 mL of formic acid (preferably deuterated DCOOD) or acetic acid-d4

•	 HPLC syringe ≈100 µL
•	 Installation column 125 × 4 mm and an RP column with C18 material 

dimension 4.0 ID × 125 mm length
•	 The LC-NMR starter kit containing suitable solvents, syringe, and injector loop
•	 Stopwatch with display of seconds

A mixture of four p-hydroxy-benzoic-acid methyl, ethyl, and propyl-esters (ratio 
1:1:1:1) at a concentration of 32 mmol/µL may be used for testing LC-NMR systems. 
This mixture is appropriate to demonstrate stopped flow in the NMR probe, sam-
pling in loops for transfer to the flow probe, and trapping (single and multiple) on car-
tridges for transfer to the NMR probe. Another useful chemical for calibrating flow 
times is tetramethylbenzidine (TMB). These compounds are commercially available.

In preparation for testing the system, a number of conditions need to be met. First 
the capillary and data connections for all instruments must be installed. Solvents 
need to be connected to the pump. Additives such as formic acid (preferably) or 
acetic acid in the D2O should be used. (If no mass spectrometry system is interfaced 
with the unit, then trifluoroacetic acid also may also be used.)

The HPLC solvent systems usually contain four channels, which may be appro-
priated as follows:

•	 Channel A: D2O 0.1% acid (or H2O for systems with SPE)
•	 Channel B: acetonitrile + 0.1% acid
•	 Channel C: empty or methanol
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•	 Channel D: H2O + 0.1% of acid (only for SPE)

All solvents should be properly degassed for approximately 30 min. The hard-
ware setup should contain the appropriate settings according to the installation for 
pumps, detectors, and connection ports. Accurate descriptions of the connected sol-
vents need to be recorded and saved along with the column description. For most 
chromatography systems, the pump pressure is monitored digitally.

In setting up an LC-NMR system, the “system parameters” need to be carefully 
calibrated. These parameters are the times/volumes between certain positions in the 
system. Such parameters are required to position the sample during an LC-NMR 
measurement. The volumes in an LC-NMR system are determined when the system 
is installed. They will not change as long as the flow rate of the pump is stable and 
reliable and the critical compounds and capillaries in the system are not changed.

Parameters can be stored in hardware setup files. The times are typically entered 
for a flow rate of 1 mL/min. During the LC-NMR analysis the times would be 
recalculated for the actual flow rate used in the experiment. Standard system param-
eters are shown in Table 1.2.

The precision values describe the level of exactness that may be achieved for 
each of the parameters. The values given are representative of a 120-μL flow-probe 
system. The transfer volume parameters for SPE are based upon the use of a 60-μL 
flow probe.

It is generally advised that, once all system parameters are determined, a backup 
copy be generated along with a printout of the hardware setup and kept in a safe place.

Flow rates determined at 1 mL/min may be used reliably for 0.5–1.5 mL/min. 
However, if a selected flow rate is always used, it would be best to optimize for that 
flow rate. Depending on the probe or length of capillary tubing, the absolute values 
for time and volume may differ considerably.

In LC-NMR, the stopped-flow time is the delay that is needed to move the sample 
from the UV detector to the NMR cell. This timing has to be determined for the 

TABLE 1.2
Standard System Timing Parameters and Precision Estimates

Collection Mode From    To
Default at
1 mL/min Precision

LC-NMR 
(stopped-flow)

UV-cell NMR-cell 20–30 s 1 s

LC-Loop 
(sampling)

UV-cell Sample loop 10–20 s 1 s

Loop-NMR 
(transfer)

Loop NMR-cell 20–30 s 4 s

LC-SPE UV-cell Cartridge … …

Divert to waste Loop Waste valve 5 s 1

Transfer: volume SPE cartridge NMR-cell 300 μL 10 μL
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LC-NMR interfaced with the sampling unit. The NMR instrument is necessary for 
this determination.

To determine the stopped-flow time, a very coarse chromatographic separation of 
100 μg TMB may be performed under isocratic conditions. The peak is transferred 
to the NMR probe, but the flow is not stopped. During the chromatogram, an NMR 
continuous-flow experiment is carried out. The peak is visible in the UV and, some 
seconds later, in the NMR spectrum. The time between the appearance of the UV 
peak and the maximum NMR spectral signal needs to be determined. Because the 
time resolution of the NMR experiment is known, the delay between the two events 
can be calculated corresponding to the stopped-flow delay.

A typical experiment would involve injecting 20 μL of TMB sample and setting 
the NMR program for continuous acquisition. The TMB compound should elute 
within 3–5 min under standard conditions. The UV signal should be monitored rela-
tive to the maximum NMR signal. This process should be repeated two to three 
times to produce a result with an error of ±1 s. If the flow rate is changed, the process 
must be repeated. This process may be optimized through repetition with stopping 
the sample in the magnet and acquiring an NMR spectrum. The signal intensity can 
be measured and the process repeated using different stopped-flow times to optimize 
the NMR signal.

It should be noted that TMB will produce a decomposition product that has a 
strong UV absorption. Even small quantities can produce a significant UV peak 
that may be more intense than the TMB peak, yet no NMR signal will be observed. 
Hence when using this standard, it is important to ensure that TMB is the UV signal 
used and not the impurity peak.

Setup of an LC-NMR system also requires that a significant part of the mobile 
phase be sent to waste. This may include mobile phase containing unwanted com-
pounds or solvent residing in the transfer capillaries. Prior to the transfer of a sample 
to the probe, it is necessary that the transfer capillaries be emptied of solvent. The 
solvent should be diverted into the waste to prevent it from reaching the NMR probe 
and diluting the sample.

To determine the time required to divert to waste, crystal violet (a commercially 
available dye that has an intense blue color) can be injected. The color is transported 
to the storage loop without using a column. This procedure should be repeated at 
least four times. Next, the loop content containing the blue dye is transferred toward 
the NMR, and when the color is observed at the outlet of the storage loop, the time 
is noted. This recorded time (i.e., when the first traces of blue color reach the outlet) 
is the “divert to waste” time.

This procedure requires that one replace the chromatography column by a union 
with a column-switching valve. The first step is to disconnect the waste capillary and 
connect a short 5-cm 0.5-mm ID capillary. The hardware with the previously deter-
mined loop sampling time entered may be used. Enter a time for “loop to NMR” that 
is longer than the expected time (approx. 40 s). Enter a “divert to waste” time that is 
slightly shorter than the value previously selected (approx. 35 s). One may then wash 
five loops with an appropriate solvent composition and make five injections of 20 μL 
crystal violet. When the previously injected peak is stored into a loop, then the next 
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sample may be injected. A wash flow of 1.0 mL/min and the transfer flow rate to 0.25 
mL/min can then be set. The NMR is not needed in this process.

Once the loops are filled, the transfer may begin. The end of the short capillary 
needs to be carefully monitored for traces of blue color. This may be achieved by 
placing a white towel at the capillary outlet. When a blue color is observed, the time 
should be recorded. This time should subsequently be entered into the hardware 
setup parameters. Enter the determined timing as “divert to waste” and then recalcu-
late the delay for a flow of 1 mL/min.

1.3.5 P reparation of a Solid-Phase Extraction System

Because solid-phase extraction (SPE) plays such a critical role in the isolation and 
identification of trace amounts of compound, determination of the parameters gov-
erning the SPE transfer volume into an NMR flow probe become critical. In SPE-
NMR the transfer volume is the volume that is required to transfer a sample from an 
SPE cartridge to the NMR flow cell.

Specific NMR experiments are not required for this process. The process begins 
by drying the NMR probe and a cartridge with dry nitrogen gas. A cartridge transfer 
is done, but the solvent (deuterated acetonitrile) amount is chosen so that the flow 
cell is not reached by the solvent front. Additional amounts of solvent are transferred 
toward the probe until the flow cell is completely filled. The correct filling of the 
NMR cell is checked by the shimming of the solvent signal. The sum of the initially 
used volume and the additionally delivered volume is the transfer volume.

In preparation of the SPE system (for example, a Prospekt-2 SPE system may be 
used, as this system is ideal for isolating microquantities of compound), the follow-
ing parameters must be set:

•	 Cartridge drying: 1 min
•	 Transfer volume: 1000 μL
•	 Transfer flow: 250 μL/min
•	 Wash and dry NMR probe: drying 1 min, volume 100 μL

A new (unused) cartridge must be selected prior to starting the transfer. This will 
ensure that the whole system is flushed with acetonitrile, that the cartridge is cleaned 
from any other solvent, and that the probe is completely filled with deuterated sol-
vent. A reference spectrum for the probe completely filled with acetonitrile-d3 should 
then be obtained. Switching the lock off and opening the lock display window will 
allow monitoring of the entry and exit of the sample into and out of the probe. For 
determination of the required volume, a cartridge drying time of ≈2 min and a trans-
fer flow rate of 250 μL/min should be set.

The NMR probe should be washed and dried using a drying time of 1 min with a 
volume (acetonitrile) about 2.5 times the active volume of the flow cell: For a 30-μL 
probe, use ≈75 μL; for a 60-μL probe, use ≈150 μL; and for a 120-μL probe, use ≈300 
μL solvent. Afterwards, a transfer volume may be selected that is lower than the 
expected volume. For example, with a 30-μL probe, use 150 μL; with a 60-μL probe, 
use 200 μL; and with a 120-μL probe, use 300 μL. A new dried cartridge should then 
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be selected and the transfer with deuterated solvent initiated. When the transfer is 
completed, no deuterium signal should be visible in the lock window. Solvent should 
be dispensed in steps of 10 μL until the signal of the deuterated solvent appears in the 
lock window. When a signal appears in the lock window, the solvent has reached the 
active volume of the probe. Approximately 1.5 times the active volume of the flow 
cell is required to get a reasonable filling of the probe (i.e., 45 μL for a 30 μL probe).

When the signal appears in the probe, the lock may be engaged and one may 
continue to dispense 10-μL portions. After each step, only the Z1 shim should be 
adjusted. Acquire a spectrum and compare it with the previously acquired reference 
spectrum. When the probe is filled, the spectrum will achieve the quality of the ref-
erence spectrum, and the transfer volume will be determined. At this point, one may 
sum the volume dispensed during the initial transfer and the additional volume from 
the direct control plus an additional 10 μL.

It is also possible to divert the SPE elution volume into capillary tubes instead 
of sending the sample elution directly to the flow probe. In this case, the transfer 
volume is the volume that is required to transfer a sample from an SPE cartridge to a 
capillary tube. When the sample is transferred into a sample tube, the determination 
and usage is slightly different. The NMR probe is not required when determining the 
volume for transfer to a tube.

To perform the calibration of the transfer volume, the capillaries and cartridges 
should be dried with nitrogen gas. A cartridge transfer is done, but the solvent amount 
is chosen so that the tip of the outlet capillary is not reached by the solvent front. 
Additional amounts of solvent can subsequently be transferred until the first drop of 
solvent becomes visible. The sum of the initially used volume and the additionally 
delivered volume is the volume required to reach the needle tip. This volume is the 
transfer volume in SPE-NMR. The amount of liquid required in the NMR tube is 
defined as excess volume in the transfer settings and can be adjusted for the type of 
NMR tubes used.

In the hardware setup, the system should be configured to divert the sample from 
the flow probe. When using a Prospekt-2 SPE system, the transfer settings should 
include the following parameters and steps:

•	 Cartridge drying: 10–30 min
•	 Transfer flow: 250 μL/min
•	 Wash and dry NMR probe: drying time = 1 min; volume = 150 μL
•	 NMR capillary tube or a white paper towel placed below the outlet capillary
•	 No use of excess volume

A new (unused) cartridge may be selected and the transfer initiated. When the trans-
fer is finished, there should be no solvent visible at the outlet capillary. If solvent is 
visible, repeat the procedure with reduced transfer volume.

Set the flow to 250 μL/min and dispense solvent in steps of 5 μL until the first 
drop of solvent is observed at the outlet of the capillary. The sum of the volume dis-
pensed during the initial transfer and the additional volume from the direct control 
comprise the transfer volume (SPE-NMR) in the hardware setup.
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A needle may then be inserted into a capillary and liquid may be dispensed until 
the tubes are filled to the desired level. The additional volume should be noted and 
used as excess volume in the transfer settings. For a 1.7-mm capillary tube, the 
excess volume is 30 µL. The total excess and transfer volume may be ≈130 µL. In 
the hardware setup parameters, the determined elution volume may be entered. It is 
important to keep a record of this parameter for future reference.

To ensure accurate determination of solvent, it is critical to dry the cartridges 
for at least 10 min before the calibration. If this is not done, residual solvent can 
affect the observed transfer volume. For a 2-mm cartridge, the minimum volume 
that ensures that the whole sample is eluted from cartridge and capillaries is about 
50 μL. This value must be increased if the sample shows strong affinity to the car-
tridge material.

1.3.6 A dding More Sample to a Cartridge

Before transferring a sample onto an SPE cartridge, one must first equilibrate the 
cartridge. Cartridge equilibration may be achieved with 2000 µL of conditioning 
solvent and 500 µL of equilibration solvent. This is required before sample collection 
onto a particular cartridge may occur. However, once a cartridge has a sample stored, 
additional sample cannot be added unless the cartridge is conditioned once again. 
The problem is that in conditioning the cartridge, sample that is already stored on 
the cartridge will be washed out, defeating the purpose of enabling addition of more 
sample. To circumvent this problem so that sample already on the cartridge is not 
washed off the cartridge, the conditioning volume may be set to 1 µL and equilibra-
tion to 100 µL. The cartridge will then become ready for sample collection, and more 
material may be added without washing away what was previously acquired.

When sample collection is completed, the cartridge must be dried prior to elution 
into the detection chamber. The drying process is achieved with a stream of nitrogen 
gas. A drying time of 30 min has been found to be adequate for most samples. Once 
the loaded cartridge is dried, the sample is ready to be eluted from the cartridge.

Before sending a sample to the probe or to a capillary tube, it is important to check 
the system for air bubbles. This may be achieved with an aspirate-and-dispense 
routine and then visually inspecting the tubing for the presence of bubbles. To 
perform the aspirate/dispense routine, there must be direct control of the system. 
Choosing the appropriate syringe pump (one that is normally used to dispense deu-
terated acetonitrile to the cartridge), the unit is switched to dispense mode, and 500 
µL of solvent is taken up. The valve may then be switched to waste, and 500 µL 
of solvent is dispensed. This process should be repeated until the flow in the tub-
ing is no longer interrupted by air bubbles. Failure to ensure that the lines are free 
of air bubbles can result in trapping bubbles in the flow cell. This condition will 
prevent optimized shimming of the sample, and spectral quality will be seriously 
diminished.
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1.4  SOLVENT REQUIREMENTS IN LC-NMR

Solvents that meet the high requirements of HPLC- and proton-NMR are needed 
when performing LC-NMR experiments. But the high throughput of solvents in 
HPLC does not allow the usage of expensive deuterated solvents as usually required 
for NMR. Acetonitrile is often contaminated with impurities containing protons 
from compounds such as propionitrile, which does not affect UV detection but can 
complicate NMR spectra. Therefore, a dramatic decrease of proton-containing con-
taminants for LC-NMR solvents is essential.

When considering selection of LC-NMR solvents, one must determine whether 
deuterated or nondeuterated solvents are required. For nondeuterated chroma-
tography solvents (ideal for SPE studies), solvents such as acetonitrile LC-NMR 
CHROMASOLV® >99.9% and water LC-MS CHROMASOLV are solvents of choice. 
The acetonitrile product was developed with the superior specifications required for 
LC-NMR. There are no signals in the 1H-NMR spectrum that exceed the size of 
methyl signals (more than 5% at 3.78 ppm of 0.0006% trimethoxybenzene) at typical 
LC-NMR conditions.

Deuterated solvents may also be used in chromatography. However, these materi-
als can be cost prohibitive for routine chromatography trials. The deuterated solvents 
most frequently used include, but are not limited to, acetonitrile-d3 99.8%, methanol-
d4 99.8%, and deuterium oxide 99.9%.

Use and handling of NMR solvents requires care, since most deuterated NMR 
solvents readily absorb moisture. One may minimize the chance of water contami-
nation by using dried NMR tubes and handling NMR solvents in a dry atmosphere.

To obtain a nearly moisture-free surface, it is necessary to dry glassware at ≈150°C 
for 24 h and cool under an inert atmosphere. For NMR sample tubes, care must be 
taken when heating to avoid warping the concentricity of the tube, so this is usually not 
recommended. Another technique is to rinse the NMR tube with dry deuterated solvent 
prior to preparing the sample. This allows for a complete exchange of protons from any 
residual moisture on the glass surface. In certain less-demanding applications, a nitro-
gen blanket over the solvent reservoir may be adequate for sample preparation.

With a number of applications (i.e., trace-analysis studies), it is necessary to avoid 
sources of impurities and chemical residues. To avoid such impurities always use 
clean, dry glassware. Use a vortex mixer instead of shaking the tube contents. Shaking 
a tube or vial can introduce contaminants from the tube cap. Avoid equipment that 
can introduce residual chemical vapor, which can be a source of impurities; for exam-
ple, residual acetone in pipette bulbs is a common source of unwanted solvent signal.

Volatile solvents may be removed readily. Protonated solvent residue can be 
removed by co-evaporation. Adding a small quantity of the desired deuterated solvent, 
followed by brief high-vacuum drying (5 to 10 min) prior to preparation of the NMR 
sample, serves to remove unwanted solvents. For solvents such as chloroform-d, ben-
zene-d6, and toluene-d8, liquids such as residual water can be removed azeotropically.

Most deuterated solvents are highly hygroscopic, absorbing moisture from the 
surface of glass bottles, pipettes, etc. For compounds that are sensitive to water, 
avoiding water contamination requires special care in sample preparation. All glass-
ware that will be in contact with the solvent can be dried at 150°C for 24 hours and 
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then allowed to cool under a dry inert atmosphere. The glassware and NMR tubes 
can also be transferred to a glove box, where the sample can be prepared under a dry 
inert atmosphere. A portable means of producing a semidry atmosphere for samples 
in which water contamination is not critical is to use an inverted plastic bag or funnel 
and flow dry nitrogen over the bottle and NMR tube when transferring the solvent.

Deuterated solvents are available in a variety of sizes and package types. Solvents 
are available in gram units as well as in ampoules. Ampoules are primarily recom-
mended for final sample preparation where high solvent integrity is required.

1.5  SOLVENT SUPPRESSION AND REFERENCING

In reverse-phase LC-NMR studies, the solvent resonances are typically large enough 
that both the CH3CN and the water resonances need to be suppressed. Even D2O will 
absorb enough H2O to form a considerable amount of HOD during LC–NMR unless 
significant drying steps are performed. As mentioned previously, a robust means of 
solvent suppression is to use a two-frequency shaped (WET [21]) pulse in which the 
transmitter is set on one resonance and the other resonance is irradiated by the SLP 
(shifted laminar pulse; phase-ramped pulse) technique [61]. This requires the user to 
decide which of these two resonances to keep the transmitter on—either the CH3CN 
or water. Because these two options are not interchangeable, the choice will severely 
impact the resulting data.

The reason why setting the solvent resonance is so important is that solvent reso-
nances will move due to solvent-composition changes. When this happens, the fre-
quencies used for solvent suppression need to be reoptimized. The rate at which 
reoptimization needs to happen depends upon the rate of change of solvent compo-
sition. In continuous-flow NMR, the solvent composition is influenced by the flow 
rate and the HPLC method, both of which are under user control. Reoptimization 
is influenced by how much each resonance moves in response to changes in solvent 
composition (which is not under user control).

To address this problem, a scanning technique was developed [62] to automati-
cally reoptimize these frequencies. The scanning technique, which has been termed 
Scout Scan, takes a small-tip-angle 1H spectrum without using solvent suppression, 
analyzes that spectrum to both set the transmitter on the desired resonance and cal-
culate the resulting frequency offset(s) for the solvent signal(s) to be suppressed, and 
creates a shaped pulse that excites all these resonances [63, 64]. It then resets the 
parameters to do a signal-averaged solvent-suppressed 1H spectrum and starts acqui-
sition. The entire Scout Scan process requires only a few seconds, and the frequency 
at which this happens is determined by the number of transients used per spectrum 
(a common default is 16).

This scanning method enables the number of resonances to be selected for sup-
pression, whether to use 13C-satellite suppression, and which resonance to keep at a 
constant chemical shift. To achieve optimal results it is necessary to reference the 
multiple spectra (increments) within a pseudo-2‑D data set. The normal way to do 
this is to actively maintain one resonance at a constant chemical shift. The Scout Scan 
technique does this by actively adjusting the transmitter (the center of the spectrum) 
for every spectrum onto one of the tall resonances. For a typical LC-NMR solvent 
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system this would be either the CH3CN or the water resonance. With such a solvent 
system, data normally would be acquired by actively maintaining the transmitter 
on the CH3CN resonance and referencing the CH3CN resonance in every increment 
of the pseudo-2‑D experiment to 1.93 ppm. If one is using D2O instead of H2O, the 
HOD signal will be much smaller than the CH3CN signal due to the predominance 
of D2O over H2O. Under such circumstances, the water resonance will move several 
ppm relative to the CH3CN resonance during the 0–100% CH3CN ramp. During this 
process, however, the frequency of the CH3CN resonance remains unchanged. This 
enables the acetonitrile solvent resonance to be used as a reference compound.

A careful evaluation the relative movement of the 1H resonances from differ-
ent compounds was performed by spiking the mobile phase with a variety of com-
pounds whose relative 1H chemical-shift movements could be monitored during the 
0–100% solvent-gradient ramp [65]. Selection of the mobile-phase additives required 
that they be soluble in both acetonitrile and water and be able to elute from the 
chromatographic column. In addition, sharp 1H resonances were desired so that 
measurement of lineshape distortions could be made. The cocktail used contained 
DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate), CH3CN, CH3OH, sucrose, 
H2O, CH2Cl2, CHCl3, and sodium formate. Their chemical shifts were determined 
in 50:50 CH3CN:D2O with CH3CN set as the reference. Some of these additives were 
partly retained on the chromatography column under 100% D2O conditions. Hence 
the HPLC method was started at 50:50 CH3CN:D2O (to equilibrate the system) and 
then changed to 100% D2O for 5 min (between t = 5 and t = 10 min) before start-
ing the solvent-gradient ramp at t = 10 min. This allowed reproducible amounts of 
additives to be retained on the HPLC column for each run, and also allowed each 
LC–NMR data set to have multiple “control” spectra at the beginning of each run 
where all of the 1H resonances were visible (for lineshape verification).

If a solvent change from 50:50 CH3CN:D2O to 100% D2O is applied, the spectra 
will degenerate because such a sudden radical solvent change moves all the reso-
nances during one single increment while the NMR spectrometer continues to signal 
average. In addition, the lineshape of every resonance will become grossly distorted 
due to magnetic-susceptibility inhomogeneities in the NMR flow cell caused by 
incomplete mixing of the incoming solvent. Such effects demonstrate the limita-
tions in how rapidly the solvent composition can be changed during an LC–NMR 
experiment. Typically, the solvent composition should only be changed by 1%–2% 
per minute or else the spectral data quality will severely suffer.

When acquiring reversed-phase LC–NMR data, the spectroscopist needs to deter-
mine whether to maintain the transmitter on the CH3CN or the H2O resonance. To 
illustrate the ramifications of nonoptimal transmeter selection, a careful study was 
conducted [65]. In this study, the first experiment involved actively maintaining the 
transmitter on the CH3CN resonance for each increment (and referencing the CH3CN 
resonance to 1.95 ppm). In a second experiment, the transmitter was actively main-
tained on the HOD resonance (and referencing the HOD resonance to 4.19 ppm). The 
HOD signal was referenced to 4.19 ppm because this placed the CH3CN resonance 
in 50:50 CH3CN:D2O at 1.95 ppm. This referencing enabled comparisons between 
experimental data sets.
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The first observation extracted from these studies showed that the chemical shifts 
arising from all the additives were generally constant when CH3CN is kept on reso-
nance. The HOD signal was the only signal that moved significantly. In contrast, 
when the HOD signal was kept on resonance, the resonances of all the additives 
moved extensively. This study demonstrated that holding the HOD resonance con-
stant results in vast distortions in chemical shifts of the analytes.

1.6  THE DEUTERIUM LOCK

When using the CH3CN:D2O solvent system, the only source of deuterium for a 2H 
lock is D2O. Hence if the 2H lock is used under such conditions (without any form of 
Scout Scan–type correction), spectral distortions will occur. This is because the only 
available 2H signal in the solvent system is D2O (or HOD), whose frequency is highly 
susceptible to shifting depending on experimental conditions. The 2H lock holds the 
2H resonance of D2O/HOD at a fixed frequency, which then holds the 1H resonance 
of HOD/H2O at a fixed frequency (since they track together). This is why the use of 
the 2H lock alone (without a Scout Scan resetting of the transmitter frequency) will 
produce unacceptable spectra. The 2H-lock problem is even more pronounced when 
one considers that the tugging of the 2H lock (on D2O/HOD) that happens during 
a signal-averaged increment manifests itself as a broadening of all the other reso-
nances within each spectrum (increment). Hence expansion of an otherwise sharp 
singlet is broadened by an inconsistent D2O resonance that compromises the 2H 
lock stability. It was found that when the 1H HOD resonance moves most rapidly, 
resonances from an analyte such as DSS suffer more severe line broadening from a 
“locked” spectrum as compared to the “unlocked” spectrum.

1.7  THE SOLVENT-GRADIENT RAMP

When the solvent-gradient ramp becomes steep in time or volume, the solvent mix-
ture in the NMR flow cell becomes more inhomogeneous, and magnetic susceptibil-
ity affects the result. Magnetic susceptibility may be viewed as a measure of how 
well a particular solution can accommodate magnetic field lines. Whenever there is 
a steep transition from one solution composition to another, the density of field lines 
will change at the interface, and this will introduce magnetic field heterogeneity in 
the sample. Shimming to compensate for the heterogeneities is compromised due 
to the severity of the discontinuity across the sample; hence this situation broadens 
the NMR resonances. The heterogeneity of the sample may be attributed either to 
incomplete mixing of the contents in the flow cell or to a steep ramp in solvent 
composition in the NMR flow cell. While smaller NMR flow cells tolerate steeper 
solvent ramps, they also decrease the inherent NMR sensitivity. During steep sol-
vent-gradient ramps, the potential for inappropriate chemical-shift change induced 
by the 2H lock becomes greater, because the lock is tracking a D2O/HOD resonance 
that moves and broadens at a fast rate, similar to the solvent composition. Data sets 
were reported with 0–100% CH3CN ramps (all flowing at 1 mL/min) that occurred 
over 100 min (1%/min), 50 min (2%/min), 25 min (4%/min), and 12.5 min (8%/
min). A narrow DSS linewidth was observed at low flow rates; however, the DSS 
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linewidth was shown to become broader and less uniform as the solvent-gradient 
ramp becomes faster. This line broadening is caused by the steepness of the solvent 
gradient and cannot be removed by shimming the sample.

In summary, line broadening caused by the steepness of the solvent-concen-
tration ramp is influenced by both the volume and time steepness of the ramp. 
If the ramp is steep in volume but slow in time, then the effect of poor mixing 
within the NMR flow cell can be reduced. Studies conducted showed that if the 
flow rate is slow enough, it may compensate for a solvent-gradient ramp that is 
steep in volume [65]. Similar but less dramatic effects were also observed with 
shallower solvent ramps. A comparison of data acquired with 0–100% ramps 
over either 100 min at 1.0 mL/min (1%/min) or 800 min at 0.5 mL/min (0.125%/
min) showed that the DSS linewidth remained narrower for the slower, shallower-
ramp run. The signal-to-noise ratio was also higher for the slower-ramp data set 
because the slower pumping speed allowed more scans per increment to be used 
with no penalty.

1.8  DIFFUSION

The lineshape of a compound’s resonances may also be affected by diffusion prop-
erties. When more time for active diffusion within the NMR flow cell is available, 
this condition would render the magnetic susceptibility homogeneous over time. 
Inhibiting fresh solvent from entering the flow cell avoids creating the inhomogene-
ity. The effects of diffusion were evaluated by manually stopping the HPLC pump 
22 min into a run, while the NMR spectrometer continued to acquire data [65]. This 
allowed monitoring of the effects of active diffusion upon the NMR lineshapes. A 
study using DSS showed that the lineshape recovers from a 20-Hz-wide lump the 
moment the pump was stopped (at 23 min into the run), to a 4.6-Hz-wide split singlet 
within 90 s of stopping the pump, to a 3.4-Hz-wide split singlet within 2.5 min, to 
a 2.1-Hz singlet within 5 min. The DSS linewidth was 0.86 Hz at the start of the 
experiment in 50:50 CH3CN:D2O, where it was optimally shimmed.

1.9  SHIMMING

Although the diffusion effect will improve lineshape, the DSS lineshape will not 
recover back to the initial optimal shimming value obtained at the beginning of an 
experiment. This nicely illustrates an aspect of shimming integral to all LC–NMR 
experiments that use a solvent gradient. The best lineshapes are always obtained 
when the same solvent composition is used to both shim the probe and acquire the 
data. As the solvent composition used for data acquisition changes further away 
from the solvent composition used for shimming, the lineshape will increasingly 
degrade. When the solvent composition is returned to that used for shimming, the 
lineshape will recover (due to the fixed geometry of both the flow cell and the sol-
vent, provided that no meniscus or air bubbles are present in the flow cell). Hence 
it is recommended that a spectroscopist shim on a solvent composition that is in the 
midpoint of the solvent-gradient ramp (when conducting continuous-flow solvent-
gradient experiments).
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In contrast to tube-based probes that must be reshimmed on every sample tube, 
a flow probe that has been optimally shimmed on a 50:50 solvent mixture should 
remain viable for several days unless the solvent composition is changed. Hence the 
NMR lineshape will recover to original values as soon as the solvent composition is 
restored to the initial values.

Studies have been conducted that show there is an upper limit to the steepness of 
the solvent gradients that can (or should) be used in LC–NMR. This limit is influ-
enced by flow rate, LC-column size, NMR-flow-cell size, and the magnetic suscep-
tibilities of the solvents being mixed. A limit of 1%/mL and 1%/min was reasonable 
here for a 4.6-mm LC column in a 60-µL NMR flow cell. There have been other 
reports that solvent gradients can cause NMR line broadenings, but with less quan-
tification of the limit or under different conditions [66, 67]. Possible means of cir-
cumventing this problem have included stopped-flow LC–NMR, SPE–NMR column 
trapping, and inserting a delay before NMR acquisition [67–70]. A mobile-phase 
compensation method has also been proposed as a way to actually increase steepness 
of the solvent gradient [71].

1.10  ACQUISITION PARAMETERS

The effect of the balance between the number of transients and the number of incre-
ments during continuous-flow solvent gradient in LC–NMR experiments needs to 
be appropriately planned. In a given amount of experiment time, there are trade-offs 
that must be considered. More transients will increase signal-to-noise ratio for each 
increment; however, more increments will increase the “chromatographic resolu-
tion” of the NMR experiment. During a continuous-flow solvent-gradient experi-
ment, as the number of transients (per increment) increases, the risk increases that 
a changing lock signal will broaden the NMR linewidths This is because there are 
fewer Scout Scans for a given change in the solvent gradient. Hence data acquired 
with fewer scans per increment will have narrower linewidths but a lower signal-to-
noise ratio than data acquired with more scans per increment.

1.11  CHEMICAL-SHIFT TRACKING

A question on whether to use an organic resonance or the water resonance as 
a fixed-position chemical-shift reference during a solvent-gradient experiment 
was answered previously. The drastically more constant chemical shifts made it 
clear that maintaining the transmitter on the CH3CN resonance gives much better 
NMR data than keeping water constant, despite the fact that the latter method 
has been routinely reported in the literature [72–74]. The latter method is easy 
to run—either by locking on the D2O/HOD 2H resonance or by actively tracking 
the HOD/H2O 1H resonance; however, it can produce misleading 1H-chemical-
shift scales.

Since an organic resonance is recommended as a fixed-position chemical-shift 
reference, one may ask which organic resonance should be used. Although conven-
tional solution-state NMR has defined that a dilute solution of TMS (tetramethyl-
silane) in CDCl3, with the 1H resonance of the TMS set to 0.0 ppm, is the primary 
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chemical-shift reference standard, most LC–NMR experiments use reversed-phase 
(aqueous) HPLC conditions, which precludes the use of TMS. Although DSS and 
TSP (trimethylsilyl propanoic acid) may be considered, they are not usually added 
to NMR samples, and their chemical shifts are known to be dependent upon solvent 
composition and pH.

The most common HPLC and LC–NMR mobile phase is acetonitrile:water; hence 
studies were conducted to determine the 1H chemical shift of CH3CN over the vast 
range of possible solvent compositions [65]. By comparing the 1H chemical shift of 
CH3CN to the 1H chemical shifts of a number of other (potential) secondary stan-
dards during the solvent-gradient experiment, the 1H-chemical-shift movements were 
determined. Chemical-shift movements were tracked over the entire 0–100% CH3CN 
ramp for data acquired by keeping the 1H resonance of the CH3CN fixed. Protons on 
the methyl carbon of acetonitrile may be set to a defined value (e.g., 1.93 ppm).

To determine which NMR resonance had the most stable chemical shift during 
application of a solvent gradient, the cocktail of DSS (sodium 2,2-dimethyl-2-sila-
pentane-5-sulfonate), CH3CN, CH3OH, sucrose, H2O, CH2Cl2, CHCl3, and sodium 
formate was used. Immediately water was eliminated. It should be noted that no 
resonance is perfectly well behaved. The DSS singlet was found to track with the 
CH2Cl2 resonance as well as the CH3 of the CH3OH resonance. The DSS methylene 
at 0.5 ppm tracked fairly well with the CH3OH and the anomeric sucrose signals. 
The CH3OH signal somewhat tracked the sucrose anomeric signal, which tracked a 
few of the other sucrose resonances, but many of the other sucrose resonances track 
in the other direction. The CHCl3 signal tracked well with the CH3CN signal. The 
formate signal tracked somewhat with the CH3CN signal until about 85% CH3CN, 
when the formate signal then moved drastically. The CHCl3 and formate signals 
tracked in one direction compared to CH3CN (as did the DSS downfield methylene 
and most of the sucrose signals), whereas the DSS singlet, DSS 0.5 ppm, CH3OH, 
CH2Cl2, and sucrose anomeric signals tracked in the other direction. Overall, the 
majority of signals drifted well under 0.2 ppm, in contrast to the 2.4-ppm changes 
seen for water, which supported keeping the CH3CN signal at a fixed frequency as 
the correct way to acquire the data. The movement of the CH3CN resonance relative 
to all the organic (nonwater) signals is close to the mathematical average of all the 
other relative chemical-shift movements.

Although the investigators were limited to compounds that were not significantly 
retained by the HPLC column and were soluble over the entire 0–100% CH3CN 
solvent-gradient ramp, the results showed that that the 1H resonance of CH3CN was 
consistent, and can serve as a suitable secondary chemical-shift standard. An alter-
native LC-NMR study also concluded that, when all of the chemical shifts in the 
sample move as a function of solvent composition, then it is important to select a 
reference compound whose chemical shift moves most like the solutes of interest 
[75]. Hence it was shown that maintaining the CH3CN resonance at a fixed fre-
quency in conjunction with the Scout Scan technique provides accurate chemical 
shift referencing.
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1.12  OTHER CONSIDERATIONS

Because the 2H lock can degrade lineshapes when solvent gradients are employed 
during the NMR acquisition (as can happen during continuous-flow LC–NMR 
experiments), the choice of whether or not to use a 2H lock on water (D2O) needs to 
be evaluated. The situation would be expected to be different for continuous-flow 
versus stopped-flow LC–NMR experiments. The 2H lock on D2O/HOD can be an 
asset during stopped-flow experiments, as long as the chemical-shift scale and pos-
sibly the transmitter are set appropriately, because the 2H lock can compensate for 
magnet drift. It can also be an asset for isocratic (constant-solvent) conditions in con-
tinuous-flow experiments. But for continuous-flow solvent-gradient experiments, the 
2H lock on D2O/HOD must be used very carefully, or even turned off. The steeper 
the solvent gradient, the more important it is to turn off the 2H lock. To allow good 
lineshapes to be maintained during continuous-flow LC–NMR runs, the data show 
that the solvent-gradient ramps should be limited, depending on NMR flow-cell vol-
ume and solvent mixtures. Faster solvent ramps will result in degraded lineshapes 
that cannot be corrected and that will reduce overall signal-to-noise ratio. If a steep 
solvent ramp (by volume) must be used, these data show that slowing down the flow 
rate will help reduce the degradation of the lineshape. However, it was reported that 
this approach sometimes does not work, especially when concentrated solutes elute, 
and that diffusion does not always happen in the NMR flow cell, presumably due to 
stable density gradients. It has also been reported that the 1%/min limit is influenced 
by the choice of solvents used in the mobile phase; the rate limit is projected to be 
determined by the difference in magnetic susceptibilities between two solvents.

With respect to shimming, it is important to recognize that different methods can 
produce different results in LC–NMR. When the mobile phase is a combination of 
CH3CN and D2O, then shimming on the 2H signal—using either the lock signal or 
a 2H pulsed-field-gradient (PFG) map—may result in selection of the water (HOD/
D2O) signal, which is notoriously sensitive to broadening from both temperature 
gradients and solvent-composition gradients (as noted previously). If either tempera-
ture or solvent gradients exist, and if the 2H signal is used for shimming, then the 
uniquely broadened water resonance is made narrower using any of the shim gradi-
ents. (For example, temperature gradients are often linearly axially dependent, like 
the Z1 shim, so the temperature-gradient-induced line broadening can then be offset 
by missetting Z1.) This results in the “removed resultant line broadening” that was 
only on the HOD/H2O resonance being unfortunately transferred to every other reso-
nance in the 1H spectrum. When this happens, a 1H spectrum with narrow organic 
resonances and a broad water resonance is converted into an (undesirable) spectrum 
with broad organic resonances and a narrow water resonance. Similar effects can 
sometimes be observed when the water resonance is broadened by a concentration 
gradient. This can occur because the concentration gradient has a linear component 
caused by the solvent flowing unidirectionally into the NMR flow cell.

In contrast, when 1H pulse field gradient (PFG) shimming is used on CH3CN:D2O, 
the 1H signal is dominated by the 1H resonance of CH3CN, which is a more well-
behaved resonance, and this results in the narrowest possible 1H linewidths for all of 
the organic resonances (but it may leave the HOD/H2O signal broad or split). This is 
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also true in 1H spectral shimming (depending upon which 1H resonance is used), and 
is true to a lesser extent in 1H free-induction decay (FID) shimming, depending upon 
how much of the FID is made up of the HOD/H2O signal.

In continuous-flow LC-NMR experiments, the user must strike a balance between 
how many transients per spectrum to use versus how many spectra (increments) 
can be obtained. Unlike conventional 2‑D NMR spectra, which typically have no 
short-term limit to the duration of the experiment, continuous-flow LC-NMR experi-
ments have a fixed duration, which is limited by the longest retention time of the 
most-retained chromatographic peak. The pseudo-2‑D nature of LC-NMR experi-
ments means that there is a maximum number of “transients increments” that can be 
obtained during this time. The repetition rate of an on-flow NMR experiment does 
not have the same dependence upon T1 as in a conventional 2‑D spectrum because 
the flowing mobile phase can effectively shorten T1 [76]. In addition, each solute has 
only a finite residence time in the NMR flow cell that depends upon the flow rate of 
the mobile phase and the bandwidth of the chromatographic peak. This condition 
sets an upper limit on the NMR signal-to-noise ratio that can be obtained at a given 
flow rate.

Given these boundaries, if the number of transients per increment is large, the 
maximum possible NMR signal-to-noise ratio will be obtained; however, the chro-
matographic resolution will be compromised. If a solvent gradient is being used, 
the data will be susceptible to NMR line broadening caused by chemical-shift 
movements arising from solvent changes during the signal averaging of a single 
increment. The NMR line broadenings arise from an inhomogeneous magnetic 
susceptibility in the flow cell, and are caused by uneven mixing of the solvents. 
Conversely, if the number of transients per increment is small, a lower NMR sig-
nal-to-noise ratio will result, but the chromatographic resolution will be maxi-
mized, and the NMR line broadenings caused by solvent gradients will be reduced. 
Therefore, as the chemical shift of a resonance moves faster because of the solvent-
composition ramp, the number of transients per increment should be made smaller 
so as to allow narrow linewidths to be observed. This requires that higher con-
centrations of solute be captured in the flow cell to enable adequate signal to be 
observed. Hence the importance of selecting a good balance between the number 
of transients and the number of increments in LC–NMR is critical to a successful 
continuous-flow experiment. The balance depends upon the solvent-gradient rate, 
the magnitude of chemical-shift changes (as a function of solvent composition), 
sample concentration, and the desired narrowness of linewidths. This balance is 
less critical if the NMR resonances are naturally broad or if solvent gradients are 
not used (i.e., if an isocratic LC method is used), and it is a nonissue if the NMR 
data are acquired as a stopped-flow LC–NMR experiment.

1.13  SOURCES OF ERROR

It is important to identify sources of error for measuring chemical shifts in continu-
ous-flow solvent-gradient LC–NMR. It has been shown previously that water moves 
enormously during a 0–100% gradient, so this solvent should never be used as a 
reference signal. It has been demonstrated that because the D2O resonance moves, 
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it alters the 2H lock during signal averaging whenever D2O is used as a lock signal. 
This then moves and broadens the observed 1H resonances. The literature contains 
many examples of solute resonances moving—sometimes in different directions—
during application of a solvent gradient, and that effect has frequently been observed. 
This event complicates both the reporting of the chemical shifts, and the ability of 
others in repeating the work, because the solvent composition in the NMR flow 
cell may not be accurately known when the chemical shifts are measured. Also, 
because a solvent gradient changes the proportion of solvents in the mobile phase, 
this condition can generate different amounts of radiation-damping-induced NMR 
line broadening in the solvent resonances (as a function of water concentration), 
and thus it can create a variable uncertainty in the Scout Scan determination of the 
solvent-resonance frequency.

The phenomenon known as radiation damping occurs because the strong trans-
verse magnetization of the water signal induces a rotating electromotive force 
in the RF coil strong enough to act significantly back on the sample. Hence the 
induced currents in the NMR coil generate magnetic field feedback to the sample. 
These magnetic fields in turn broaden the resonance line. The width of the water 
line is a function of the strength of the water signal, which depends on the amount 
of water as well as other factors such as coil size and probe tuning. The effect 
becomes greater with increasing field strength. Radiation damping can also affect 
the symmetry and phase of the peak. At 500 MHz, a proton NMR spectrum of a 
sample of 90% H2O/10% D2O will have a linewidth at half height of about 35–40 
Hz. A sample of 0.1% H2O/99.9% D2O will have a linewidth at half height of about 
0.5–1 Hz in a well-shimmed magnet. Although the small tip angles used in the 
Scout Scan method will not eliminate the radiation-damping effect, this is not an 
insurmountable problem.

The radiation-damping-induced NMR line broadenings are a bigger problem in 
cryogenically cooled probes in higher field magnets, where the Q of the probe and 
the signal response are highest. Next, concentration-dependent frequency shifts of 
the solvent resonances due to flux density changes are readily observable on sol-
vent signals [77–79]. This can cause the solvent signal’s frequency to move. These 
shifts may be ameliorated by progressively moving postprocessing DSP (digital sig-
nal processing) notch filters “off-resonance” with increasing solvent concentration. 
Finally, it has been reported that a misset lock phase can induce phase distortions in 
solute resonances whenever PFG-solvent-suppression sequences like WET [21] are 
used. This effect can be a sensitive test for how accurately the lock phase has been 
adjusted, but it could also contribute to errors in chemical-shift measurement.

1.14  SUMMARY

NMR data have shown that using the water resonance to reference, shim, or lock the 
NMR spectra in LC–NMR experiments will not produce optimal results for continuous-
flow solvent-gradient experiments, despite the reports in the literature claiming success 
with this approach [72–74]. This was shown to be true regardless of whether the water 
resonance is used as a 2H lock (for D2O) or as an internal standard (for H2O or HOD). 
Using the 1H resonance of CH3CN as a secondary reference and a signal for shimming 
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(and effectively as a lock signal) consistently gave rise to higher integrity NMR data. 
Software tools for referencing on the CH3CN resonance are automated and easy to use on 
modern spectrometers and can be set for a variety of solvent conditions. When compar-
ing CH3CN as a secondary chemical-shift reference to other available compounds, it has 
been found to be the most robust option available for reverse-phase LC-NMR studies.

These conclusions were deemed applicable to a vast majority of LC-NMR experi-
ments (such as LC-NMR-MS, LC-PDA-NMR-MS, LC-MS-NMR-CD, CapLC-
NMR, LC-SPE-NMR, etc. [80]. The approach applies to all LC-NMR experiments 
that use solvent gradients and are acquired in the continuous-flow mode. Some of 
these conclusions would apply to isocratic continuous-flow experiments, and some 
apply to solvent-gradient stopped-flow experiments. These concepts for experimen-
tal setup also apply to other flow NMR methods such as flow-injection-analysis 
NMR (FIA-NMR) [81] and direct-injection NMR (DINMR) techniques [62]. This 
approach even applies to conventional 5-mm-tube-based experiments where the 
samples have temperature gradients or use solvent mixtures that may not be suf-
ficiently well mixed.
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2 NMR Theory

2.1  MAGNETIC PROPERTIES OF NUCLEI

To better understand and interpret the results from an NMR experiment, it is impor-
tant to acquire a fundamental knowledge of the theory and principles governing the 
NMR phenomenon. The following provides a basic review of NMR theory with 
emphasis on practical factors and mechanisms influencing spectroscopic data and is 
intended as a guide for the applications chemist engaged in LC-NMR (liquid chro-
matography-nuclear magnetic resonance) studies.

Nuclear magnetic resonance (NMR) is a phenomenon that exists when certain 
nuclei are placed in a magnetic field and are subsequently perturbed by an orthogo-
nal oscillating magnetic field. This phenomenon occurs for nuclei that possess a 
property called spin. This property induces a spinning charge that creates a magnetic 
moment, µ. The magnetic moment µ of a nucleus is proportional to its spin, I, its 
magnetogyric ratio, γ (a property intrinsic to each nucleus), and Planck’s constant, h.

	 µ γ
π

= / h
2

	 (2.1)

Because of their magnetic properties, certain nuclei may be likened to tiny bar mag-
nets. When such nuclei are placed in a magnetic field, some will align with the field 
and others against the field. Those nuclei aligned with the field are at a lower energy 
level than those aligned against the field. The separation in energy levels is propor-
tional to the external magnetic field strength.

The energy of a nucleus at a particular energy level is given by

	 E h mB= λ
π2

	 (2.2)

where B is the strength of the magnetic field at the nucleus and m is the magnetic 
quantum number.

The difference in energy between the transition energy levels is

	 E hB= λ
π2

	 (2.3)

Hence as the magnetic field, B, is increased, so is ΔE (see Figure 2.1). Also, if a nucleus 
has a relatively large magnetogyric ratio, then ΔE will be correspondingly large.

Because the separation in energy levels (ΔE) affects the Boltzmann distribu-
tion of the populated energy states, higher magnetic fields and larger magnetogyric 
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properties of nuclei will increase the population of nuclei in the lower energy state; 
hence the number of possible NMR transitions will increase. These properties will 
correspondingly enhance the sensitivity of the NMR experiment [1].

As noted previously, only certain atoms possess a magnetic moment. This is 
because, for many atoms, the nuclear spins are paired against each other such that 
the nucleus of the atom has no overall spin. However, for atoms where the nucleus 
does possess unpaired spins, such atoms can experience NMR transitions. The rules 
for determining the net spin of a nucleus are as follows:

	 1.	 If the number of neutrons and the number of protons are both even, then the 
nucleus has no spin.

	 2.	 If the number of neutrons plus the number of protons is odd, then the 
nucleus has a half-integer spin (i.e., 1/2, 3/2, 5/2).

	 3.	 If the number of neutrons and the number of protons are both odd, then the 
nucleus has an integer spin (i.e., 1, 2, 3).

Nuclei most often observed in pharmaceutical applications are shown in Table 2.1. 
Because of sensitivity issues related to natural abundance, sample size, and concen-
tration, LC-NMR studies primarily focus on the observation of proton nuclei. For 
highly concentrated samples, however, improvements in technology have enabled 
indirect detection of carbon.

Nuclei can be imagined as spheres spinning on their axes. The phenomenon 
of nuclear resonance can be illustrated using a quantum mechanical descrip-
tion. Quantum mechanics shows that a nucleus of spin I will have 2I + 1 possible 
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FIGURE 2.1  Graphical relationship between magnetic field B0 and frequency ν for 1H-NMR 
energy absorptions.
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orientations. For a nucleus with spin ½, two possible orientations exist, occupying 
discrete energy levels in the presence of an external magnetic field (see Figure 2.2). 
Each level is given a magnetic quantum number, m.

The initial populations of the energy levels are determined by thermodynamics, 
as described by the Boltzmann distribution. The lower energy level will contain 
slightly more nuclei than the higher level. It is possible to excite these excess nuclei 
into the higher level with a band of radio-frequency waves (see Figure  2.3). The 
frequency of radiation needed for an energy transition to occur is determined by the 
difference in energy between the energy levels (ΔE).

A classical mechanical description has also been used to describe the resonance 
phenomenon. This description invokes the use of vectors to illustrate the magnitude 
and direction of the magnetic properties of the nucleus (see Figure 2.4). A nucleus 
with spin when placed in a magnetic field will tend to precess about the direction of 
the field at a discrete frequency. This frequency is known as the Larmor precessional 
frequency. For a magnet of 11.75 tesla, a proton will precess at 500 MHz, and for 14.1 

m = –1/2 

m = + 1/2

0En
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gy
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FIGURE 2.2  Zeeman interaction: In the absence of a magnetic field, magnetic dipoles are 
randomly oriented, and there is no net magnetization. Upon application of a magnetic field, 
nuclei occupy discrete energy levels. Two energy levels exist for nuclei with spin quantum 
number of 1/2.

TABLE 2.1
Common Nuclei Used in NMR Experiments

I
γ

107 T−1s−1

ν/MHz
(at 14.1 T)

Natural 
Abundance

1H 1/2 26.752 600.00 99.99%
13C 1/2 6.728 150.85 1.1%
15N 1/2 −2.713 60.81 0.37%
17O 5/2 −3.628 81.33 0.04%
19F 1/2 25.182 564.51 100%
27Al 5/2 6.976 156.32 100%
29Si 1/2 −5.319 119.19 4.7%
31P 1/2 10.839 242.86 100%
11B 3/2 8.584 192.48 80.1%



38 LC-NMR: Expanding the Limits of Structure Elucidation

© 2010 Taylor & Francis Group, LLC

tesla, a proton precesses at 600 MHz. NMR spectrometers are commonly named 
based upon the Larmor precessional frequency of protons at a particular field strength.

If a sample is placed in an 11.75-tesla magnet and a radio frequency field is applied 
at 500 MHz, the protons will absorb that energy, and the phenomenon known as 
resonance occurs. Hence for nuclei of spin ½ in a magnetic field, the nuclei in the 
lower energy level will be aligned in the direction of the external field, and the nuclei 
occupying the higher energy level will align against the field. Because the nucleus 
is spinning on its axis in the presence of a magnetic field, this axis of rotation will 
precess around the direction of the external magnetic field.

The frequency of precession, the Larmor frequency, is identical to the transition 
frequency. The potential energy of the precessing nucleus is given by

	 E = −µB cos θ	 (2.4)

where θ is the angle between the direction of the applied field and the axis of 
nuclear rotation.

Bo

FIGURE 2.4  Classical mechanical illustration of a nucleus (of spin 1/2) in an applied mag-
netic field (B0). When the nucleus is in a lower energy state, it is aligned with the field. The 
nucleus may be viewed as a sphere spinning on its axis. In the presence of a magnetic field, 
the axis of rotation will precess around the direction of B0.

+1/2

–1/2
∆E = | γ (h /2π)B |

Two spin states for I = 1/2 

m1 = –1/2 or b

m1 = +1/2 or a

FIGURE 2.3  Illustration of spin states for nuclei aligned with α or against β the external 
magnetic field (B0). Transitions between these spin states can occur by applying a radio-
frequency field B1.
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When energy is absorbed by the nucleus, the angle of precession, θ, will change. 
For a nucleus of spin ½, absorption of radiation “flips” the magnetic moment so that it 
opposes the applied field (the higher energy state). Since only a small excess of nuclei 
exists in the lower energy state to absorb radiation, only a small number of transitions 
can occur. The low number of energy transitions is what gives rise to the observed NMR 
signal; hence this condition negatively affects the overall sensitivity of the technology. 
By exciting the low-energy nuclei, the populations of the higher and lower energy levels 
will become equal, resulting in no further absorption of radiation. The nuclear spins 
are then considered saturated. When the radio-frequency pulse is turned off, the nuclei 
undergo a relaxation process, returning the nuclei to thermodynamic equilibrium [2].

2.2  DATA ACQUISITION

The classical description of NMR spectroscopy invokes a vector representation of 
individual nuclei, and it is this description that is commonly used by spectroscopists 
to illustrate what happens in the NMR experiment. When nuclei are placed in a mag-
netic field, they will tend to align with and against the field. The Boltzmann distribu-
tion gives rise to a small excess of nuclei aligned with the field. If one considers the 
sum of all the vectors aligned with and against the field, the result is a small magne-
tization vector (M0) aligned in the direction of the external magnetic field. This small 
resultant magnetization is responsible for the observed NMR signal. To understand 
the sensitivity issue, consider that, in a field of 100 MHz for every 32 million nuclei, 
there are two excesses aligned with the field. It is this small excess that produces the 
NMR signal (see Figure 2.5a).

The magnetization vector (M0) is used to visualize what happens to nuclei when 
a sequence of radio-frequency pulses is applied. If one considers an XYZ coordinate 
system with the direction of the external magnetic field aligned with the +Z-axis, 
upon the application of a radio-frequency (RF) pulse along the X-axis, the resultant 
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FIGURE 2.5  (See color insert.) (a) Precessing nuclear dipoles. The sum of the dipole vec-
tors is represented by the resultant magnetization M0 that is aligned along the +Z-axis. (b) 
Direction of magnetization vector M0 following a 90° pulse along the X-axis. The transverse 
magnetization induces a signal in the receiver coil, which is oriented along the Y-axis.
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magnetization (M0) begins to precess about the applied RF field. In the NMR experi-
ment, the RF pulse is applied for a duration long enough to tip the magnetization 90° 
into the XY plane and then is turned off. Following the RF transmitter pulse, the RF 
receiver is turned on (where the phase of the transmitter is orthogonal to the receiver) 
along the Y-axis (see Figure 2.5b).

A signal is induced from the relaxing nuclei that may be likened to a decaying sine 
wave. This signal arises as the result of the decay of transverse magnetization and 
is detected by the spectrometer’s RF receiver (see Figure 2.6a). The term describing 
this signal is the free induction decay or FID. Because NMR samples usually con-
tain nuclei with different resonance frequencies, the decay curves arising from the 
different magnetization frequencies are superimposed, causing the FIDs to interfere 
with each other. This collection of signals is also described as an interferogram. 
The FID represents a time-domain spectrum; however, because it is not possible to 
directly interpret the FID signals, a mathematical function is applied, known as a 
Fourier transformation (FT) [3]. When FT is applied to the FID, a frequency-domain 
spectrum is produced that, upon phase and baseline correction, may be interpreted 
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FIGURE 2.6  (See color insert.) 500-MHz 1H-NMR spectrum of 2,6-di-tert-butyl-4-
methylphenol. Spectral width 9014 Hz, 32K data points, acquisition time 1.8 s in solvent 
acetonitrile-d3. (a) Time-domain spectrum (FID); (b) frequency-domain spectrum of 2,6-di-
tert-butyl-4-methylphenol obtained after Fourier transformation of the FID.
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by the analyst (see Figure 2.6b). Because NMR is an inherently insensitive technique, 
the FID signals are small compared to the noise. This is especially problematic for 
nuclei with low natural abundance, such as 13C. To compensate for these weak sig-
nals, the FIDs of many pulses are acquired and added together. However, although 
the signal is additive, the noise is random and both adds and subtracts. Therefore, the 
signal-to-noise ratio (S/N) does not increase linearly with the number of scans (NS) 
but instead increases in proportion to the square root of NS.

	 S/N NS≈ 	 (2.5)

In cases where concentrations are low or nuclei have low natural abundance, 
thousands of scans are required. The nature of the decaying acquisition produces a 
higher degree of noise at the end of the FID than at the beginning. The rate at which 
the FID decays is a function of spin-spin relaxation or T2 and the change in field 
homogeneity (see Section 2.3, Relaxation of Nuclei). Rapid decay of the FID leads to 
line broadening and loss of sensitivity (loss of S/N).

The signals that are produced from Fourier transformation may be integrated to 
give the area under each peak or set of peaks. For proton spectra, the area under each 
pattern that is obtained from integration of the signal is proportional to the number 
of hydrogen atoms whose resonance is giving rise to the pattern. The integration may 
be displayed as a step function on top of the peak, with the relative integrated area 
values displayed below each peak. In Figure 2.6, the integration of the patterns at δ 
6.97, 2.21, and 1.38 ppm for H-3, H-5, and H-7 in 2,6-di-tert-butyl-4-methylphenol 
is approximately 2:3:18, respectively. It is important to exercise care with integrated 
values in proton spectra, as significant errors in quantitation can occur, depending 
on factors such as instrument optimization and discrepancies in relaxation of the 
nuclei. For typical 1H-NMR spectra, the integration gives a measure of the number 
of protons per assigned peak. The compound 2,6-di-tert-butyl-4-methylphenol has 
molecular symmetry; hence, the integration gives the combined proton count per 
assignment. For example, the plane of symmetry bisecting the molecule makes the 
two t-butyl groups (H-7) equivalent and the two aromatic protons (H-3) equivalent, 
so only one singlet is observed for each set with an integration ratio 18:2.The integra-
tion displays are generated by the instrument using an arbitrary scale, but can then 
be normalized by the operator to correlate with the expected number of protons 
per peak. It should be noted that these values are not exact integers and need to be 
rounded to the nearest integer to obtain the proper value.

2.3  RELAXATION OF NUCLEI

In NMR spectroscopy, two primary relaxation processes occur. They are termed 
spin-lattice (longitudinal) relaxation (T1) and spin-spin (transverse) relaxation 
(T2). Spin-lattice relaxation, T1, is the time it takes an excited nucleus to release its 
energy to its lattice or surrounding environment. It is dependent on the magneto-
gyric ratio of the nucleus and the mobility of the lattice. Spin-spin relaxation, T2, 
describes the interaction between neighboring nuclei with identical precessional 
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frequencies, resulting in a decrease of the average lifetime of a nucleus in the 
excited state. This can result in line broadening. Both these relaxation processes 
need to be taken into account in the design and execution of NMR experiments 
[2]. A more detailed description of these processes is provided in the following 
subsections.

2.3.1 S pin-Lattice Relaxation Time T1 (Longitudinal)

Longitudinal relaxation (T1) is due to energy exchange between the spins and sur-
rounding lattice (spin-lattice relaxation), reestablishing thermal equilibrium. As 
spins go from a high-energy state back to a low-energy state, RF energy is released 
back into the surrounding environment. The recovery of longitudinal magnetization 
follows an exponential curve.

The relaxation time T1 represents the “lifetime” of the first-order rate process that 
returns the magnetization to the Boltzmann equilibrium. From a classical mechani-
cal standpoint, this may be viewed as the time it takes the bulk magnetization vector 
(M0) to align itself along the direction of the external magnetic field (+Z-axis).

T1 relaxation time can be measured by various techniques. The inversion recovery 
technique [4] is one method commonly used for small molecules. This technique 
involves applying a 180° pulse followed by a variable delay (τ) and then a 90° read 
pulse. The time delay between each transient (D) must be sufficiently long to enable 
full relaxation of all the nuclei. This is a slow sequence, and preevaluation of T1 is 
necessary. The inversion recovery sequence may be described as follows:

	 D − 180° − τ − 90°FID	 (2.6)

The T1 is calculated from a semilogarithmic plot of the signal intensity relative to the 
variable delay, τ, and modern spectrometers have programs incorporated to provide 
automatic calculations. A rapid approximate calculation of individual T1s may be 
obtained by taking the delay where the signal is nulled (τnull) and dividing by ln 2 (0.693).

An alternative pulse sequence is saturation recovery, which enables faster repeti-
tion ≥1 s and, hence, a major reduction in overall experiment time. This sequence 
involves the incorporation of a homospoil pulse Z* [5].

	 Z* − 90° − Z* − τ − 90°FID	 (2.7)

In routine data acquisition, following a 90° pulse and a delay of 1*T1, approxi-
mately 63% of the magnetization is recovered. To recover about 99% of the magne-
tization, a delay of 5*T1 is needed. Because the longitudinal relaxation process (T1) 
will affect signal intensities, it is important to adjust the delay between acquisition 
transients. Following a 90° pulse, if the interval between transients is shorter than 
5*T1, the accuracy of the integration may be compromised. To enable more accu-
rate integrations, the pulse width may be shortened to adjust for the length of the 
relaxation process. For proton NMR, a pulse width of 10° and a delay of about 2 s 
will enable accurate integrations for a majority of small molecules where the T1s are 
less than 20 s. Such considerations are critical when relative quantities of sample 
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components need to be measured. In LC-NMR applications, chromatographically 
isolated samples often contain impurities or multiple isomers. The need to accurately 
calculate relative quantities can be critical for separating and identifying multiple 
species that may be present in an isolated mixture.

It should be noted that the magnitude of the relaxation time depends on the type 
of nucleus being studied. For example, nuclei with spin ½ and low magnetogyric 
ratio have long relaxation times, whereas nuclei with spin greater than ½ have very 
short relaxation times. In addition to the intrinsic properties of the nucleus, there are 
other factors that contribute to relaxation. These are associated with the motion of 
the molecule.

2.3.1.1  Relaxation and Molecular Motion
Spontaneous T1 relaxation of spin ½ (that is, relaxation in the absence of external 
influences) is essentially nonexistent. For T1 relaxation to occur, there must be mag-
netic field fluctuations. Such fluctuations are most effective when they occur at the 
Larmor precessional frequency; hence, T1 relaxation can be field dependent, since 
the Larmor precessional frequency varies with the field.

The principal source of fluctuating magnetic fields in most molecules is due to 
Brownian motion. One source of motion is correlation time, τc, which can be defined 
for a molecule (assuming the molecule behaves like a sphere) as the average time it 
takes the molecule to rotate through one radian (360°). The correlation time for small 
molecules is on the order of 10−12 s in nonviscous solvents.

In general, there are several mechanisms by which molecular motions can influ-
ence nuclear relaxation. These include direct dipole-dipole (DD) interactions with 
nearby magnetic nuclei, paramagnetic interactions, chemical-shift anisotropy effects 
(CSA), scalar coupling (SC) that includes rapid modulation of J-coupling, and quad-
rupole–electric-field gradient interactions. In addition, spin rotational (SR) transi-
tions can also be the source of fluctuating magnetic fields.

The following subsections describe the relaxation mechanisms that influence 
NMR-observable nuclei. Table 2.2 outlines the mechanism, modulation source, and 
associated parameters.

2.3.1.2  Dipole-Dipole Interaction “Through Space”
A direct dipole-dipole coupling interaction is very large (often kilohertz) and depends 
upon the distance between nuclei and the angular relationship between the magnetic 
field and the internuclear vectors. This coupling is not seen for mobile molecules 
in solution because it is averaged to zero by tumbling of the molecule. However, as 
the molecule tumbles in solution, the dipole-dipole coupling is constantly changing 
as the vector relationships change. This creates a fluctuating magnetic field at each 
nucleus. When such fluctuations are at the Larmor precessional frequency, they can 
cause nuclear relaxation. This is a primary relaxation mechanism for nuclei such as 
protons (i.e., nuclei with high natural abundance and a large magnetogyric ratio).

For small molecules, the dipole-dipole relaxation rate depends on the strength 
of the dipolar coupling (γ, magnetogyric ratio of the nucleus), on the orientation/
distance between the interacting nuclei (rIS), and on the tumbling motion (correlation 
time, τc).
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	 R T r c1 1
2 2 61( ) ( )/ ( )DD DD I S ISk= = ∗ ∗ ∗ ∗−γ γ τ 	 (2.8)

As shown in Equation (2.8), the distance dependence for DD relaxation is significant. 
For example, when spin I is 1H and spin S is 13C, a carbon-13 NMR spectrum would 
show that protonated carbons relax more rapidly than quaternary carbons.

The dependence on the gyromagnetic ratio (γ) of the nucleus is also important. If 
a proton is replaced by deuterium, the 13C nuclei relax much slower for C-D than the 
corresponding C-H, since the gyromagnetic ratio for proton γ-H is 6.5 times larger 
than the gyromagnetic ratio for deuterium γ-D.

At typical spectrometer frequencies, small molecules (MW < 1000) are tum-
bling too fast for the most effective relaxation (τc is short). Thus the more rapidly a 
molecule or part of a molecule tumbles, the less effective DD relaxation becomes, 
resulting in longer T1. Large molecules (e.g., proteins), on the other hand, are usu-
ally moving very slowly (τc is long), and they have the opposite association between 
molecular motion and T1. With macromolecules, relaxation is more effective when 
the molecule moves faster and the dipole-dipole (T1) relationship no longer applies 
(see Figure 2.7).

The effect of molecular tumbling on relaxation depends upon spectral density, 
which is defined as the concentration of fields at a given frequency of motion. For 
small molecules in solution, the tumbling motion is rapid; hence there is a larger 
population of different frequencies existing for a shorter period of time, so the popu-
lation of specific frequencies required to induce relaxation at a specific field strength 
is small. Hence, for small molecules, relaxation would not be significantly affected 
by field strength. The opposite is true for large, slow-moving molecules where the 
concentration of fields induced by molecular tumbling is field dependent. In such 

TABLE 2.2
Spin Relaxation Mechanisms

Mechanism Modulation Source Determining Parameters

1. Dipolar coupling Reorientational motion •	 Abundance of magnetically active 
nuclei

•	 Size of the magnetogyric ratio

2. Paramagnetic Paramagnetic species: 
translational and 
rotational motion

•	 Concentration of paramagnetic 
impurities

3. Chemical shift 
anisotropy (CSA)

Reorientational motion •	 Size of the chemical shift anisotropy
•	 Symmetry at the nuclear site

4. Scalar coupling Modulation of spin-spin 
coupling

•	 Size of the scalar coupling constants

5. Electric quadrupolar 
relaxation

Reorientational motion •	 Size of quadrupolar coupling constant
•	 Electric field gradient at the nucleus

6. Spin rotation Angular momentum •	 Spin rotation (T1) shorter at high 
temperature
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cases, as the external field increases, the population of nuclei tumbling at the acceler-
ated rate needed to induce relaxation decreases. This results in a lower concentration 
of fields available to induce relaxation, and T1 becomes longer.

For certain nuclei, such as carbon, anisotropic motion can have an impact on DD 
relaxation. Long thin molecules, for example a biphenyl, that do not move isotropi-
cally in solution will have correlation times (τc) that would be different for rotation 
around different axes of the molecule. Hence, significantly different DD relaxation 
would be expected for nuclei that are on the axis of rapid rotation. In the case of 
biphenyl, the para-carbons would be expected to relax faster than the ortho- or meta-
carbons due to rapid “on axis” rotation.

2.3.1.3  Paramagnetic Relaxation
When paramagnetic nuclei are present in solution they produce a fluctuating field that 
induces rapid T1 relaxation. This relaxation is proportional to the square of the mag-
netic moment. Because the magnetic moment of an unpaired electron is larger than 
a nuclear magnetic moment by a factor of 103, paramagnetic substances significantly 
accelerate the spin-lattice relaxation process. The paramagnetic relaxation mechanism 
may be denoted as a spin-dipolar interaction modulated by translational diffusion. 
Spin-dipolar modulation by rotational reorientation is another relaxation mechanism 
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that applies in cases where a substrate is bound to a paramagnetic relaxation reagent. 
In practical terms, paramagnetic relaxation contributions are strongly dependent on 
the concentration of paramagnetic ions, bonded distances, and solution viscosity.

Atmospheric oxygen is a common source of paramagnetic relaxation. Relaxation 
of proton and carbon nuclei is induced by dipolar interactions with the unpaired 
spins on molecular oxygen. Therefore, when initiating T1 studies, it is important to 
ensure that dissolved oxygen is removed from the sample. This may be accomplished 
by bubbling nitrogen or argon gas through the sample and/or pulling a vacuum and 
sealing the tube. In LC-NMR studies, mobile-phase solvents are typically degassed 
and stored over a blanket of dry nitrogen gas prior to and during use. The removal 
of dissolved oxygen from the LC-NMR sample helps to reduce the associated para-
magnetic relaxation effects that lead to line broadening.

2.3.1.4  Chemical Shift Anisotropy Relaxation

The chemical shift is dependent on the orientation of a molecule in the magnetic 
field. This effect, called chemical shift anisotropy (CSA), is partially responsible for 
the very wide lines observed in solid-state NMR. In solution, CSA is averaged out by 
molecular tumbling, and sharp lines are observed. However, the modulation of the 
shielding can sometimes introduce an observable relaxation mechanism.

As the molecule tumbles in solution, the chemical shift (and hence the magnetic 
field at the nucleus) is constantly changing, and this can cause relaxation of the 
nucleus. The relaxation rate is proportional to the square of the magnetogyric ratio 
and the magnetic field strength, molecular motion, and chemical shift anisotropy. 
The following equation applies to cylindrically symmetric molecules:

	 R T B c1 1
2 2 21( ) ( )/ ( )CSA CSA 02/15= = − ⊥γ σ σ τ� 	 (2.9)

where
γ	 = magnetogyric ratio
B0	= magnetic field
σ	 = nuclear shielding tensor
τc	 = correlation time

Because the rate of relaxation is proportional to the square of the field strength, it 
becomes more important at high field strengths. For some spin-½ nuclei with large 
chemical shift ranges (phosphorus-31 or cadmium-113), lines become sufficiently 
broadened by CSA relaxation at high field, causing loss of coupling information. 
Molecules in which the nucleus is at the center of tetrahedral, octahedral, or higher 
symmetry (29Si in Me4Si) have no chemical shift anisotropy and so do not relax by 
this mechanism. The mechanism does not occur for protons and therefore would 
not be a consideration in the vast majority of LC-NMR studies. It can, however, be 
observed in 13C NMR for certain carbonyl carbon atoms.
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2.3.1.5  Scalar-Coupling Relaxation
The effect of scalar-coupling (SC) relaxation on T1 is significant only when the 
two interacting nuclei have very close frequencies. This condition is rare. Scalar 
(J) coupling of a nucleus A to a quadrupolar nucleus B can provide a relaxation 
mechanism for A if B is undergoing very rapid T1 relaxation. Under these con-
ditions, A is subject to a fluctuating magnetic field because of the rapid spin 
reorientation of B. For this mechanism to be effective, the Larmor precessional 
frequencies of nuclei B and A must be nearly the same. For example, short T1 
values are observed for bromine-bearing carbons. On a 500-MHz spectrometer, 
the Larmor precessional frequency of 13C is 125.68 MHz, while that of 79Br (I = 
3/2) is 125.23 MHz; therefore, a short T1 for 13C bonded to 79Br may be attributed 
to SC relaxation.

2.3.1.6  Electric Quadrupolar Relaxation
Electric quadrupolar relaxation operates for spins > ½ only, and only for nuclei that 
are not at the center of tetrahedral or octahedral symmetry. Spin-½ nuclei can be 
considered to have spherical charge distribution, but for spins greater than ½, the 
charge distribution has the shape of an ellipsoid. The electric field gradients in mol-
ecules exert a torque on their quadrupolar nuclei. Tumbling of the molecule can initi-
ate transitions among the spin states. The effectiveness of this relaxation mechanism 
is critically dependent on quadrupolar coupling. If the electric quadrapole moment 
(Q) is small (for example 2H and 6Li), the nucleus behaves like a spin-½ nucleus; 
however, if Q is large (for example 35Cl or 79Br), the nucleus can have a very short T1, 
and observation can be very difficult.

Quadrupolar relaxation of a nucleus can also have effects on nearby magnetic 
nuclei (X), since rapid relaxation can broaden or entirely remove J-coupling between 
the two nuclei. This effect is especially common for X nuclei in 14N-X and 11B-X 
groups (see Section 2.3.2 on spin-spin relaxation time, T2).

2.3.1.7  Spin Rotation
Intramolecular dynamic processes (like the rotation of a methyl group) can also con-
tribute to longitudinal relaxation. A local magnetic field is generated by the circular 
motion of electrons in a rapidly rotating molecule or part of a molecule, such as a 
methyl group. The magnitude of this field changes when the rotational energy levels 
change as a result of molecular collisions. When these changes occur at the Larmor 
precessional frequency, they can cause relaxation of nearby nuclei. The spin rotation 
mechanism is effective for small molecules or for freely spinning portions of larger 
molecules. It is more effective at higher temperatures.

2.3.2 S pin-Spin Relaxation Time T2 (Transverse)

Spin-spin relaxation (T2) is a complex phenomenon corresponding to a decoherence 
of the transverse nuclear spin magnetization. The T2 relaxation is observed when 
nuclei in an excited state begin to precess about the external magnetic field at slightly 
different frequencies. This happens as spins move together and their magnetic fields 
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interact (spin-spin interaction), slightly modifying their precession rate. These inter-
actions are temporary and random. Thus, spin-spin relaxation causes a cumulative 
loss in phase, resulting in transverse magnetization decay and a broadened signal.

Transverse relaxation (T2) is always at least slightly faster than longitudinal 
relaxation (T1). For small molecules in nonviscous liquids, usually T2 approximately 
equals T1. However, processes like scalar coupling with quadrupolar nuclei, chemical 
exchange, and interaction with paramagnetic centers can accelerate the T2 relaxation 
such that T2 becomes shorter than T1. Transverse magnetization decay is described by 
an exponential curve, characterized by the time constant T2. After time T2, transverse 
magnetization has lost 63% of its original value.

Similar mechanisms that induce spin-lattice relaxation also induce spin-spin 
relaxation. However, there are other mechanisms contributing to spin-spin relax-
ation. As noted previously, these include scalar relaxation and relaxation induced by 
quadrupolar nuclei. Scalar relaxation occurs when two spins interact via through-
bond (electron mediated) J-coupling. For example, in the case of chemical exchange 
where a proton may be in dynamic equilibrium between two chemically distinct 
sites, the fluctuating fields from neighboring spins will induce transverse relaxation. 
Resonance lines will broaden due to partial scalar coupling. The resultant line-
broadening effect is typically observed for exchangeable protons like OH or NH.

Spin-spin relaxation may be induced by quadrupolar nuclei when the relaxation 
rate (1/T1) of the quadrupolar nucleus is rapid. In such cases, resonance lines may be 
broadened by coupling to the quadrupolar nucleus. This line broadening is typically 
observed for 1H attached to nuclei such as 14N or 11B, where T1s are approximately 
tens of milliseconds in length. However, for 1H next to 35Cl, where the T1 is approxi-
mately 1 μs, the line broadening is insignificant.

A major contributing factor to transverse or spin-spin relaxation (T2) is magnetic 
field inhomogeneity. Therefore, it is important to ensure that the magnetic field is 
as homogeneous as possible throughout the NMR sample. This involves a process 
called shimming the magnet, which requires adjusting the current in coils within the 
magnet to compensate for field discrepancies across a sample. In modern NMR spec-
trometers, this is an automated process. However, in many LC-NMR applications, 
some manual shimming is necessary. For LC-NMR studies, shimming may be a 
challenge due to solvent gradients across a sample often seen with an HPLC gradient 
solvent system of 2%–3%/min. Technology advancements reducing flow-cell volume 
and enabling elution into a flow cell with a single solvent have drastically improved 
the quality of spectra that may be obtained. More detailed discussion is provided in 
Chapters 1 and 5.

Although the relaxation time is an intrinsic property of the nucleus that reflects 
its nature and environment, in practice it is routinely used to decide the length of the 
relaxation delay between acquisitions. As noted previously, for quantitative work, 
this needs to be at least five times T1 to achieve a 1% integration accuracy.

Also noted previously, longer T1 and hence T2 relaxation times are observed for 
small molecules in the absence of oxygen. However, this is also found for quaternary 
carbons, heavier spin-½ nuclei, and compounds in the gas phase. Shorter relaxation 
times are observed when there is medium to fast chemical exchange, when para-
magnetic nuclei are present, and for interactions with quadrupolar nuclei. Since the 
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nuclear T1 relaxation time is magnetic-field dependent for compounds with longer 
correlation times (e.g., molecular weight > 1000 Da), the T1 relaxation time measured 
on a 300-MHz NMR instrument will be different than that measured on a 600-MHz 
instrument in such cases. The T2 relaxation, however, rapidly decreases for molecular 
weights above 1000 Da and remains field independent (see Figure 2.7).

Because numerous NMR applications focus on the identification of a molecular 
structure, the rigor in setting the relaxation delay for quantitative analysis is not needed. 
For maximum sensitivity within a limited time frame for a qualitative one-dimensional 
(1-D) NMR experiment, the repetition rate should be set to the longest T1 in the sample 
with a pulse angle of 68°. Most relaxation times set in routine proton NMR are between 
1.0 and 10 s. When ample compound is available for good S/N, the delay between 
proton acquisitions is usually set to about 1.5–2 s. In practice this will produce good 
quality spectra with integrations accurate enough for compound identification.

2.4  THE CHEMICAL SHIFT

All nuclei in a molecule do not experience the same local magnetic field. This is 
because the magnetic field at the nucleus is not equal to the applied magnetic field. 
Electrons around the nucleus create an opposing magnetic field that shields a nucleus 
from the applied field (see Figure 2.8). The difference between the applied magnetic 
field and the field at the nucleus is called nuclear shielding.

Nuclear shielding leads to the property known as the chemical shift, which is 
a function of the nucleus and its environment. It is measured relative to a refer-
ence compound, causing the calculated value to be independent of the external mag-
netic field strength. For 1H and 13C NMR, the reference is usually tetramethylsilane, 
Si(CH3)4. This reference was selected because it is inert (i.e., nonreactive and stable). 
In addition, its resonance falls outside the region of the resonances for most mol-
ecules of interest, and its volatility enables it to be easily removed from the sample. 
Equation (2.10) is used to calculate the chemical shift.

	 chemical shift, = frequency of signal frequδ eency of reference
spectrometer frequency

106 	 (2.10)

e

Bo

FIGURE 2.8  The electrons around a nucleus (e.g., a proton) create a magnetic field that 
opposes the applied field. This reduces the field experienced at the nucleus; hence, the elec-
trons provide a local shielding effect.
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If one considers a field of 11.75 T (500 MHz), the protons of benzene are found 
to resonate 3670 Hz downfield from TMS set at 0.0 Hz; hence the chemical shift 
for benzene protons would be calculated to be 7.34 ppm. Although the resonance 
frequency (Hz) will vary with magnetic field strength, the calculated chemical 
shift relative to TMS will always be the same regardless of which field strength 
is used. Because the chemical shift is dependent upon the electronic environment 
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surrounding each nucleus, it provides a wealth of information that may be used in 
defining and characterizing a chemical structure [1, 2].

Small-molecule structure identification and characterization depend heavily on 
proton and carbon assignments. Although protons have high natural abundance and 
excellent magnetic properties, they possess a rather narrow chemical shift range. 
Most protons resonate in a 0–20-ppm range relative to a TMS reference. For 13C, the 
chemical shift range is about 20 times larger, with carbons resonating in a 0–210-
ppm range relative to TMS.

The chemical shift range for protons is smaller because proton resonances are 
primarily shielded by electronic effects from σ-bonding orbitals, whereas carbon 
nuclei experience effects from both σ- and p-orbitals. This condition may be attrib-
uted to the fact that electrons in p-orbitals have no spherical symmetry. They pro-
duce comparatively large magnetic fields at the nucleus, which give a low field shift 
also termed deshielding. Protons become deshielded when electrons are pulled away 
from the protons by neighboring electromagnetic nuclei. Carbon chemical shifts are 
influenced by electronegative substituents as well as π-bonds, and experience strong 
deshielding from delocalization of electrons in nonspherical p-orbitals. Hence, the 
effect from electrons in p-orbitals produces large downfield shifts of carbon reso-
nances where the range of chemical shifts spans 0–220 ppm. In 1H NMR, p-orbitals 
are not involved in bonding hydrogen atoms to other nuclei, which is why only a 
small chemical shift range (0–20 ppm) is observed.

Some typical chemical shift ranges for 1H and 13C are given in Figures 2.9(a) and 
(b), respectively.

2.5  SPIN COUPLING

Spin-spin coupling is another property that plays a critical role in structure elucidation. 
Consider proton–proton interactions. When signals for single protons appear as multi-
ple lines, this is due to 1H–1H coupling, also known as spin–spin splitting or J-coupling. 
The spin-spin splitting arises as a result of internuclear magnetic influences.

As mentioned previously, protons may be viewed as tiny magnets that can be 
oriented with or against the external magnetic field. For a molecule that contains a 
proton (HA) attached to a carbon that is attached to another carbon containing a pro-
ton (HB), HA will feel the presence of the magnetic field of HB. When the field created 
by HB reinforces the magnetic field of the NMR instrument (B0), HA experiences a 
slightly stronger field, but when the field created by HB opposes B0, HA experiences 
a slightly weaker field. The same situation occurs for HB relative to magnetic influ-
ences from HA. The result is two resonance lines for HA and two resonance lines for 
HB, commonly termed a doublet.

The magnitude of the observed spin splitting depends on many factors and is 
given by the coupling constant J (units of hertz). J is the same for both partners in a 
spin-splitting interaction and is independent of the external magnetic field strength. 
Equivalent nuclei or those nuclei having the same chemical shift do not interact with 
each other. For example, the three methyl protons in ethanol cause splitting of the 
neighboring methylene protons; they do not cause splitting among themselves.
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For nuclei with the quantum spin number of ½, the multiplicity of a resonance is 
given by the number of equivalent protons in neighboring atoms plus one, i.e., the 
“n + 1 rule.” The coupling pattern follows Pascal’s triangle, shown in Figure 2.10.

The power of spin-spin coupling in structure elucidation arises from the correla-
tion between coupling constants and molecular structure. Coupling constants for 
protons fall into three categories. These include germinal or two-bond coupling (J 2), 
vicinal or three-bond coupling (J 3), and long-range or four- or five-bond coupling 
(J 4, J 5).

The magnitude of the coupling constant can provide information that may be used 
to unambiguously define structural elements of a compound. For example, trans-
alkenes show larger vicinal coupling than cis-alkenes, allowing one to identify the 
regiochemistry around a double bond. In fact, spin-spin coupling offers one of the 
best ways of determining the stereochemistry around a double bond.

Sometimes, coupling does not occur between protons on heteroatoms, such as 
the OH proton of an alcohol and the adjacent protons on carbon. In such cases, the 
absence of coupling is caused by the rapid exchange of the OH protons, usually with 
residual water in the organic solvent. Because of this rapid exchange, the influence 
of the α or β spin states that induce coupling is lost. Some exchangeable protons, 
however, do not exchange rapidly, e.g., the NH of amide protons in a peptide. This 
may be due to intramolecular hydrogen-bonding interactions. In such cases, cou-
pling interactions between the exchangeable protons and neighboring protons may 
be observed.

The choice of organic solvent can also affect the nature and rate of proton 
exchange. Solvents like methanol, which possess an exchangeable proton, will tend 
to induce rapid exchange between the solvent and the compound of interest. For 
those chemists engaged in structural studies, observation of exchangeable protons 
can be critical to structure elucidation. To enable such observations, a solvent com-
monly used is deuterated dimethyl sulfoxide (DMSOd6). With DMSOd6, the higher 
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viscosity and ability to hydrogen bond with the solute will tend to slow down the 
exchange rate. This condition allows exchangeable protons to be observed as well as 
preserving the coupling information.

Geminal or two-bond coupling of protons will exist when the protons are diaste-
reotopic. This condition occurs when the structure of the molecule yields a different 
environment for each proton and, hence, different chemical shifts. Geminal coupling 
may be observed from protons on a saturated or sp3 carbon when the environment 
that the methylene group experiences cannot be averaged by rapid rotation.

Vicinal coupling is also commonly observed in NMR spectroscopy and has played 
a major role in defining the three-dimensional structures of molecules. A critical 
contribution to the understanding of the relationship between vicinal couplings and 
structural conformation or configuration was first defined by Martin Karplus, and is 
known as the Karplus relationship [6, 7]. This relationship establishes a correlation 
between the dihedral angle Ф between two protons separated by three bonds and the 
magnitude of the coupling constant. Dihedral angles between vicinal protons that 
are either near 0 or 180° have large coupling between 9 and 13 Hz. Dihedral angles 
for protons that are near 90°, however, give small couplings of 0–2 Hz. The Karplus 
relationship is highly valued and widely used for structure-elucidation studies. This 
relationship is often applied in determining the conformations of ethane derivatives 
and saturated six-membered rings. However, it also works for establishing the con-
figuration of alkene moieties (see Figure 2.11).
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Four- or five-bond coupling (J 4, J 5) is very small and depends upon spin-spin 
interactions that occur through both σ- and π-orbitals. The presence of π electrons 
often has a greater contribution to the observation of long-range coupling; hence 
long-range coupling is usually more pronounced in olefinic molecules and highly 
conjugated aromatic ring systems.

The letters used in describing the types of observed spin systems are A, B, 
M, and X. The nomenclature for the proton coupling depends on the similarity 
of the chemical shifts of the interacting protons. For example, protons that are 
labeled HA and HB instead of HA and HX are protons with similar chemical shifts 
because A and B are close in the alphabet. More-complex splitting patterns can be 
observed for 1H-NMR spectra than are predicted by the “n + 1” coupling rule. This 
occurs when coupling of one proton or set of equivalent protons occurs with two 
different protons or sets of protons with different size coupling constants or when 
coupling occurs between protons with similar but not identical chemical shifts. 
The former situation can be analyzed in terms of overlapping n + 1 pattern spec-
tral diagrams (see Figure 2.12). This is shown for the spectrum of a hypothetical 
oxirane moiety comprising three oxirane protons having different chemical shifts. 
All three protons are coupled to each other. The protons are labeled HA, HM, and 
HX, reflecting the fact that their chemical shifts are not close to each other. Each 
resonance would appear as a doublet of doublets, with the overall pattern called 
an AMX pattern.

The protons with close chemical shifts coupled to each other, such as an AB spin 
system, will give a pattern of two doublets, but the intensities are not 1:1, with the 
inner signals having larger intensity than the outer signals. However, the separation 
between the lines of each doublet is still the coupling constant J. If more than two 
protons of close chemical shift are coupled to each other, more complex patterns—
often described as complex multiplets—are observed. Multiplets still provide use-
ful structural information because they indicate the presence of coupled protons of 
similar chemical shift. The AB pattern and complex multiplet patterns result from 
what is called second-order effects. Second-order effects occur when the ratio of 
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the chemical shift separation (in Hz) to the measured coupling constant is less than 
approximately 10. A more in-depth discussion of the types of coupled-spin systems 
is beyond the scope of this book and may be found in other sources [8].

Examples of some typical coupling types and their associated geometries are 
shown in Figure 2.13.

Although this section has focused on 1H-1H coupling, coupling interactions can 
occur with other spin-½ nuclei (e.g., 13C, 19F, and 31P). Because of their high natural 
abundance, compounds containing 19F or 31P may show coupling interactions with 
neighboring protons. For example, if 19F is spin-coupled to 1H, the 19F resonance 
signal will appear as a doublet, and the same J constant will be observed in both the 
1H-NMR spectrum and the 19F-NMR spectrum. Spin coupling with nuclei having 
spin other than ½ is more complex, and the reader is advised to consult other refer-
ences on quadrupolar nuclei [9].
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FIGURE 2.13  (See color insert.) Typical 1H coupling constant ranges for geminal, vicinal, 
and long-range interactions.
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2.6  NUCLEAR OVERHAUSER EFFECT (NOE)

The nuclear Overhauser effect (NOE) is a phenomenon that occurs from the transfer 
of nuclear spin polarization from one spin population to another via cross-relax-
ation. This magnetization-transfer phenomenon was named after American physicist 
Albert Overhauser, who first proposed it in the early 1950s [10]. The phenomenon 
was demonstrated experimentally by Carver and Slichter in 1953 [11]. Although the 
Overhauser effect was first described in terms of polarization transfer between an 
electron and nuclear spins, the recognition that magnetization could also be trans-
ferred between nuclear spins caused the technique to become a dominant force in its 
application to three-dimensional (3-D) structure elucidation [12].

The nuclear Overhauser effect (NOE) differs from spin-spin coupling in that the 
NOE is observed through space phenomena and not through bond. A NOE transfer 
occurs between atoms that are spatially separated by distances up to 5 Å, whereas 
spin coupling is observed only when the atoms are directly or indirectly bonded 
to neighboring atoms. Hence, if one considers a polypeptide chain with protons at 
opposite ends of the chain—if the chain is folded such that those two protons come 
within 5 Å of each other—then an NOE interaction will be observed between the 
two protons, but a coupling interaction will not be observed.

Magnetization transfer will occur when a nucleus, such as a proton, is excited 
by an RF pulse. When this happens, spatially close nuclei, for example neighboring 
protons, may experience an intensity enhancement or a nuclear Overhauser effect 
(NOE). Because the NOE does not depend upon through-bond or J-couplings 
but only on the spatial proximity between nuclei, this interaction not only assists 
in confirming the structure, but provides a powerful mechanism for obtaining 
detailed information on conformation and absolute configuration. In addition, the 
strength of the NOE may be proportional to the distance between two protons. 
Relative distance ranges may be entered into molecular dynamics programs to 
generate ensembles of structures that satisfy the NOE distance constraints. For 
small molecules, NOEs may be observed between protons that are up to 4 Å apart, 
while the upper limit for large molecules is about 5 Å. The correlation between 
NOE and distance has played a critical role in the 3-D structure elucidation of 
peptides, proteins, and protein ligand complexes.

There are numerous NMR experiments that give rise to through-space interac-
tions. A common application is NOESY (nuclear Overhauser effect spectroscopy), a 
2-D NMR technique that is often used for the 3-D structure determination of mac-
romolecules. The NOESY experiment is also very important in structure elucidation 
studies of small organic molecules providing data for the unambiguous assignment 
of nuclei. Other experimental techniques exploiting the NOE include but are not lim-
ited to ROESY (rotational frame nuclear Overhauser effect spectroscopy), TRNOE 
(transferred nuclear Overhauser effect), NOE difference, and HOESY (heteronuclear 
Overhauser effect spectroscopy) [6]. Because of their power in structure elucidation, 
the NOESY and ROESY experiments require closer examination and will be dis-
cussed in more detail in Chapter 6.

Although there are many different possible NOE experiments, in order to ensure 
that the correct experiment is selected and the resulting data are interpreted properly, 
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some understanding of the theory of NOE is necessary. Some of the primary mecha-
nisms affecting NOE are described in the following section [13].

2.6.1  Molecular Weight and Maximum NOE

The maximum possible NOE depends on the molecular correlation time (or the 
inverse of the rate of molecular tumbling), which is primarily determined by the 
molecular weight and solvent viscosity. Larger molecular weights and higher viscosi-
ties lead to larger correlation times. The NOE is positive for small molecules (MW 
< 600), goes through zero for medium-sized molecules (MW range 700–1200), and 
becomes negative for large molecules (MW >1200). These molecular weight ranges 
are approximate. For medium-sized molecules, the NOE may be theoretically zero 
(see Figure 2.14) [14]. The ROESY experiment (rotating-frame NOE) is preferred for 
medium-sized molecules, since the ROE is always positive.

The change in phase of NMR signals in the NOESY spectrum is associated 
with the induction of certain allowed quantum energy transitions. These energy 
transitions may be described by the consideration of a two-spin system, I1 and 
I2. Since NOE involves polarization and does not involve coherences, population 
differences between energy states α and β states in Figure  2.15 can be used to 
describe the phenomenon.

The possible transitions can be classified as follows:

•	 W1 transitions correspond to T1 relaxation of the spin involving a spin flip of 
only one of the two spins (either I1 or I2).
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FIGURE 2.14  Maximum NOE versus molecular correlation time, τ (or the inverse of the 
rate of molecular tumbling). Larger molecular weights and higher viscosities lead to larger 
correlation times. The NOE is positive for small molecules (MW < 600), is nearly nulled for 
medium-sized molecules (MW range 700–1200), and becomes negative for large molecules 
(MW > 1200). (MW ranges are approximate.) The ROESY experiment (rotating frame NOE) 
is preferred for medium-sized molecules, since the ROE is always positive.
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•	 W0 transitions involve a zero-quantum transition where the α spin simulta-
neously flips to the β spin and the β spin simultaneously flips to the α spin.

•	 W2 transitions correspond to a net double-quantum transition involving a 
simultaneous spin flip of both spins.

When spins absorb RF radiation, populations of the α and β spin states change. 
Saturating the resonances creates equal populations of both spin states. Relaxation 
will reestablish the equilibrium Boltzmann distribution. For the W1 mechanism, the 
relaxation of spin I 1 will occur without affecting spin I 2.

However, for the double-quantum and zero-quantum transitions, the relaxation 
of spin I 1 will affect I 2. When reestablishing the Boltzmann equilibrium for a spin 
(e.g., I 1), the W0 mechanism causes the neighboring (unperturbed) spin I 2 to deviate 
from its Boltzmann equilibrium, pushing nuclei from the α to the β state toward 
a decrease in αβ population difference. Following a 90° RF pulse, a decrease in 
signal intensity for I 2 will occur, resulting in a “negative NOE effect.” For the W2 
mechanism, the population difference of the unperturbed spin I 2 will increase with 
a transfer of nuclei from the β state to the α state. More nuclei in the lower energy 
state result in more nuclei able to transition to the higher energy state following an 
RF pulse. This leads to an increase in signal intensity and a positive NOE effect 
(see Figure 2.16).

On a 500-MHz NMR spectrometer, for a small molecule (molecular weight < 
1000 Da) in a nonviscous solvent, the molecule would tumble rapidly; so the double 
quantum transition dominates. Hence, the relaxation ratios for W1:W0:W2 would be 
3:2:12. For large molecules such as proteins (molecular weight > 10 kDa), the zero 
quantum transitions dominate, and the transition rate ratio for W1:W0:W2 would be 
1:28:1. Hence, because small molecules tumble rapidly in solution, the population 
of tumbling frequencies that induce double quantum transitions (W2) predominates 
and gives rise to positive NOEs. In a 2-D NOESY spectrum, this means that the 
NOE cross peaks would be opposite to the diagonal peaks. Macromolecules tumble 
more slowly; hence the population of tumbling frequencies that induce zero quan-
tum transitions (W0) would predominate. This produces negative NOEs in a NOESY 
spectrum, and all peaks have the same phase [14].
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FIGURE 2.15  The energy transitions in a two-spin system.
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2.6.2 T ime Dependence of NOE: Mixing Times

In transient experiments, such as NOESY and ROESY, the NOE dynamically builds 
and then decays due to relaxation during the mixing time. This is illustrated in the 
plot of NOE versus mixing time (see Figure 2.17). The NOE goes through a maxi-
mum as a function of mixing time. The maximum NOE and rate of buildup depend 
on the correlation time, the molecular weight, and the distance between protons for 
a particular NOE. In general, large molecules build up NOE quickly, while small 
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FIGURE 2.16  Diagram showing the effects of perturbation of spin I 1 and subsequent relax-
ation back to the equilibrium Boltzmann distribution. For the W0 and W2 mechanisms, relax-
ation of spin I 1 will affect I 2. The W0 mechanism will cause the neighboring spin I 2 to deviate 
from its Boltzmann equilibrium toward a decrease in αβ population difference. After a 90° 
pulse, this will result in a decrease in signal intensity for I 2 and produce a “negative NOE 
effect.” The W2 mechanism will cause the population difference of the undisturbed spin I 2 to 
increase, corresponding to an increase in signal intensity and resulting in a “positive NOE 
effect.”
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FIGURE 2.17  Graph illustrating correlation of NOE and mixing time. For small molecules, 
a mixing time that maximizes the NOE is desirable. For large molecules, the mixing time 
must be kept small so that the buildup obeys the linear approximation and spin diffusion is 
avoided.
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molecules build up NOE more slowly. For large molecules, the maximum NOE typi-
cally occurs at shorter mixing times. A shorter distance between protons will also 
lead to faster buildup of NOE, and shorter mixing times are recommended.

There is only one mixing time specified per NOE experiment, and it is one of the 
most important parameters in the NOE experiment. For small molecules, a mixing 
time that maximizes the NOE is desirable, provided calculation of an actual distance is 
not needed. Generally, one is interested in a range of distances, so the choice depends 
on molecular weight. For large molecules, the mixing time must be kept small so that 
the buildup reflects the linear approximation and spin diffusion is avoided.

The following guidelines may be used as a starting point for setting mixing times:

	 1.	Small molecules, 0.5–1 s; start with 0.5 s
	 2.	Medium-size molecules, 0.1–0.5 s; start with 0.25 s
	 3.	Large molecules, 0.05–0.2 s; start with 0.1 s

Artifacts may appear in 2-D NOE experiments that often provide additional 
information. Zero-quantum peaks are a common artifact in NOESY spectra. They 
occur between nuclei that are J-coupled, such as ortho-protons on an aromatic ring, 
and can be identified by their up-down type of pattern.

In ROESY spectra, a common occurrence is long-range through-bond magnetiza-
tion transfer between protons that are J-coupled or symmetric with respect to the cen-
ter of the spectrum. This latter artifact can be removed by proper positioning of the 
spectral center frequency. Also, the cross-peak intensities have an offset dependence.

If protons are undergoing chemical or conformational exchange, corresponding 
cross peaks will occur in 2-D NOE and ROE experiments. For small molecules, the 
phase of the exchange cross peaks will be the same as the diagonal peaks and oppo-
site of the NOE cross peaks. This is often an effective means of identifying chemi-
cally exchangeable protons in small molecules, since they will show pronounced 
correlation with the residual water peak in the sample.

The choice of 2-D NOESY vs. 2-D ROESY requires some knowledge of the sam-
ple to be studied. Although the NOESY experiment is powerful, as noted previously, 
the phase of the NOE cross peaks changes with molecular weight. Hence macromol-
ecules give rise to negative NOE cross peaks, while small molecules give positive 
NOEs. There is a molecular size (≈1000 Da) where W0 equals W2 and NOE is neg-
ligible in the NOESY spectrum. In such cases, the ROESY experiment is required. 
ROESY cross peaks are always positive, and the experiment suffers less from spin 
diffusion and the resulting interpretation errors; however, ROESY is less sensitive 
for large molecules.

Overall, when selecting a 2-D NOE experiment, the following guidelines will aid 
in maximizing the likelihood of a successful experiment:

	 1.	Small molecules (MW < 600): use NOESY or ROESY
	 2.	Medium-sized molecules (700 < MW < 1200): use ROESY
	 3.	Large molecules (MW > 1200): use NOESY
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2.7  COUPLING OF HPLC WITH NMR

Unlike conventional NMR spectroscopy that requires dissolving a compound in a 
deuterated solvent, placing it in an NMR tube, and then inserting the tube into an 
NMR probe in the spectrometer, the LC-NMR system uses a modified probe that 
allows either continuous flow of the solution or a stopped-flow condition. However, 
as described in Chapter 1, when employing a flow probe, complications with respect 
to flow rate, solvent gradient, and magnetic field homogeneity as well as signal-to-
noise ratio need to be considered. Each of these issues is linked to the inherent insen-
sitivity of the NMR experiment and the properties influencing relaxation.

The challenges in LC-NMR can be summarized using four main issues. The first 
is related to the limits on the dynamic range of the receiver. The second involves 
selecting the appropriate volume of the LC-NMR flow probe to enhance spectral 
quality. The third issue consists of accurate synchronization of HPLC and NMR 
systems. And the fourth concerns the low sensitivity of the NMR technology relative 
to other hyphenated technologies such as LC-UV or LC-MS.

In LC-NMR studies there is often a need to detect signals from low-level mol-
ecules in the presence of large 1H-NMR signals from the HPLC solvents. Because of 
this, experimental techniques were developed to circumvent dynamic-range issues 
that affect observation of signals of interest. Dynamic-range problems occur fol-
lowing detection by the NMR coil when the signal must be digitized for computer 
processing. The analog-to-digital converters (ADCs) in modern NMR spectrometers 
typically have 16 to 18 bits. The receiver that records the signal, prior to digitization, 
must be adjusted to allow the strongest signal to fit to the largest bit. In an LC-NMR 
experiment, the largest signal will be that of the solvent, since solvent has the highest 
concentration relative to the analyte of interest. For example, if the concentration of 
a compound is 1 mM in aqueous solution (H2O), there is approximately 55,000 times 
more solvent. Efficient digitization of the solvent will cause the compound of interest 
to be digitized in the lowest bit, similar to the noise. As a result, the analyte signals 
will be very weak and not easily distinguishable from the noise. To address this prob-
lem, the relatively large solvent signal needs to be reduced. One way to reduce the 
solvent signal is to deuterate the solvent. In LC-NMR (reverse phase), the solvents 
typically used are acetonitrile, methanol, and water. The problem with deuterating 
such mobile-phase solvents is that deuteration may be prohibitively expensive and 
could result in loss of important exchangeable protons. A second approach involves 
the development of NMR pulse sequences that can selectively reduce or eliminate 
large resonances from the solvent. Methods to address this issue are discussed in 
later chapters.

When selecting a flow cell, the volume of the chromatographic peak versus the 
volume of the NMR flow cell must be taken into account [15]. If a relatively high-
volume-flow probe is used, samples on the order of several micrograms need to be 
captured in the NMR flow cell. This would mean that analytical HPLC columns 
would have to be saturated to inject samples in that range. Saturating the column 
would cause loss of chromatographic resolution and poor separation. Reducing the 
volume can prevent the need for sample overload and improve chromatographic 
peak separation; however, the number of nuclei in the NMR flow cell is reduced 
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and hence NMR sensitivity suffers. An additional factor that can affect chromato-
graphic peak performance is the use of deuterated mobile-phase solvents. In numer-
ous cases, compounds have shown changes in retention time and peak broadening. 
Hence, direct transitioning from nondeuterated solvents to deuterated solvents is 
not recommended. When employing smaller flow-cell volumes, a primary way to 
increase the S/N of a spectrum is to increase concentration. Different flow-cell sizes 
are commercially available with volume sizes as low as 5 μL. For very small limited 
amounts of isolates, the microcoil probes are best, provided one can concentrate 
the material in the volume of the flow cell (e.g., 5–30 μL). For continuous-flow or 
stopped-flow LC-NMR separations with abundant analyte, a larger 120-μL flow cell 
would enable capture by the probe of the maximum amount of chromatographically 
isolated material.

The integration of LC and NMR requires careful consideration of flow rates, tim-
ing, and tubing length. Sophisticated commercial software has been developed that 
effectively automates the integration of NMR and HPLC systems. For continuous-
flow LC-NMR, selecting the optimum flow rate is critical. The selection must be a 
compromise between the rate required for the best chromatographic resolution and 
the best NMR sensitivity [16]. The resolution in a continuous-flow 1H-NMR spec-
trum is strongly dependent upon the flow-rate/detection-volume ratio. Under station-
ary conditions, the line width at half height (LW) is proportional to the transverse 
relaxation (T2). The relationship is as follows:

	 LW = (1/π)T2	 (2.11)

In a continuous-flow experiment, the NMR signal has a linewidth (LWf) that is 
proportional to the stationary line width (LW) plus the residence time (t) of the sam-
ple within the NMR probe.

	 LWf = (1/π)T2 + 1/t	 (2.12)

Hence, because the residence time of the sample in the flow cell is proportional 
to line width, the cell volume and flow rate will affect the line broadening of the 
sample. It has been shown that larger flow-cell volumes can tolerate faster flow rates 
without compromising the NMR spectral resolution. For example, a flow-cell vol-
ume of 120 μL at a flow rate of 1 mL/min would produce spectral line widths of 0.14 
Hz, whereas a 60-μL flow cell at 1 mL/min would produce a line width of about 0.28 
Hz [17]. If the flow rate drops to 0.5 mL/min, the line width for a 60-μL flow cell is 
about 0.14 Hz. The net result is that for continuous-flow studies, the larger flow-cell 
volumes are preferred.

In a stopped-flow experiment, the LC pump is stopped so that the selected chro-
matographic peak sits motionless in the probe, allowing extended NMR acquisition. 
In most cases, the peak is identified with a UV detector that resides between the 
column and the NMR flow probe. The time to allow transfer from the UV detector 
to the flow probe must be carefully calculated for maximum capture of the chro-
matographic peak in the flow cell. In the stopped-flow experiment, it is important 
to account for the chromatographic peak width. If peaks are stopped on the column 
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for excessively long periods, the peak width could become severely broadened. If the 
chromatographic peak width exceeds the cell width (both represented in seconds), 
the NMR sensitivity is inversely proportional to the chromatographic peak width, 
and sensitivity is compromised. Optimization of chromatography and gradient elu-
tion are possible options to address the peak-width problem [18].

Improving sensitivity is a major challenge in NMR spectroscopy. One means of 
increasing signal is to increase the number of scans. With continuous-flow NMR, 
the measurement time for each analyte depends upon the residence time in the flow 
probe. If the flow rates are too fast, this will result in poor S/N and line broaden-
ing from field inhomogeneity for resonances in the NMR spectrum. Reduction of 
the flow rate by a factor of 3–10 or temporarily stopping the flow at short intervals 
(time slicing) as a chromatographic peak passes through the probe enables acquisi-
tion of sequential spectra through the chromatographic peak. This technique can be 
useful in cases of poor separation of analytes and will increase the residence time 
as well as the measure¬ment time and S/N for each component. The problem with 
reducing the flow is the effect of diffusion at slow flow rates, which can reduce the 
chromatographic separation of the individual peaks eluting from the LC column into 
the NMR flow cell.

While very slow flow rates are not usually recommended, continuous-flow mea-
surements with flow rates of 0.05 mL/min have been reported. The reports showed 
that spectra could be acquired with 128 scans, and good S/N per spectrum was 
achieved [19]. The continuous-flow mode may employ rapid screening (fewer scans) 
with 1H NMR when examining intense signals from major constituents. However, 
the short residence time in the flow probe will not yield quality 1H-NMR data with 
good S/N for minor components.

There are two methods by which NMR measurements can be carried out under 
static conditions. Besides stopped flow, which involves the use of a valve to stop 
the elution when the analyte reaches the flow cell, one may also divert the peaks to 
sample loops to store the individual analyte fractions obtained from the chromato-
graphic separation before sending them to the flow cell. In both cases, the analytes 
can be examined with more-time-intensive1-D and 2-D NMR experiments.

For the stopped-flow mode, the delay time or time required for transport of the 
analyte from the UV (or comparable) detector of the flow probe must be determined. 
The delay time depends on the flow rate of the chromatographic separation and the 
length and diameter of the tubing that is used to connect the UV detector with the 
NMR flow cell. Once the tubing size, length, and time have been calibrated for the 
hardware at hand, the system software can be programmed to automatically stop the 
chromatographic run elution at the time after the analyte has passed the LC detector. 
After NMR data acquisition, the chromatographic run is restarted and the procedure 
is repeated for the next analyte. A number of chromatographic peaks can be studied 
with a sequence of stopped-flow data-acquisition modes during the chromatographic 
run. However, frequent stops may disturb the quality of chromatographic separation, 
which will in turn compromise the quality of the spectra.

The advantage of the loop-storage mode is that the chromatographic run is not 
interrupted. Each analyte peak is stored in an individual capillary loop for transfer 
to a flow probe and NMR data acquisition at a later stage. With loop collection, the 
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delay time between the LC detector and loop-storage device and the delay time for 
transport from the loop to the NMR flow cell must be calibrated. An important pre-
requisite for the loop-storage mode is that the stored analytes must be stable during 
the extended period of residence in the loop prior to NMR analysis [20–28].

An additional complication occurs when solvent gradients are used for LC separa-
tion, because the NMR chemical shifts of the solvent and analyte resonances depend 
on the solvent composition and vary continuously as spectra are acquired during the 
chromatographic run [18]. This can be addressed with the use of solid-phase extrac-
tion (SPE). With SPE, a single deuterated solvent is used to transfer the compound 
from a storage cartridge to the flow probe.

SPE allows the use of normal protonated solvents for the LC run. This method 
enables multiple trapping of the same analyte from repeated LC injections to the 
same cartridge to enhance the low concentration. A subsequent drying step with 
nitrogen enables all solvents that were used in the chromatographic separation to 
be removed. Analytes may then be transferred with the deuterated solvent of choice 
(e.g., methanol, acetonitrile, or chloroform) to the NMR flow-cell probe for spectral 
acquisition. The use of a single deuterated solvent reduces the need for solvent sup-
pression with highly concentrated samples.

Although considerable advances have been made in flow-probe technology, direct 
observation of 13C (a critical nucleus for structure elucidation) is still a challenge. 
Because of its low natural abundance, the direct acquisition of natural-abundance 
13C-NMR spectra even for the main constituents is not feasible with continuous-
flow NMR. Since quantity and concentration of material is often at the lower detec-
tion limits for LC samples, the natural abundance and magnetic properties of the 
observed nucleus becomes a critical factor for NMR detection. Because of this, most 
LC-NMR studies primarily observe either 1H or 19F nuclei.

In summary, since LC-NMR typically deals with small quantities of compounds 
and low concentrations, the observed nucleus is usually a proton. Because of its high 
sensitivity and natural abundance, sometimes 19F may be used, but this is primarily 
in applications where known metabolites are being formed and relative concentra-
tions are being analyzed.

For structural characterization of organic molecules, however, 13C is an essential 
nucleus. Since 13C has natural abundance of 1.1%, direct observation by continuous-
flow LC-NMR is not feasible for dilute samples. The development of sophisticated 
experiments that include indirect detection of 13C have played a major role in circum-
venting this problem. When coupled with solvent-suppression techniques, elucida-
tion of organic structures using hyphenated technologies such as LC-NMR becomes 
possible, as the indirect methods address the challenges of low natural abundance, 
and the suppression of mobile-phase solvents allows analyte signal detection. Such 
experiments are covered in Chapter 6.

Because the primary nuclei in structure elucidation are 1H and 13C, it is useful to 
compare and contrast the properties of these nuclei, as there are certain differences 
and similarities with respect to NMR detection.
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•	 13C has only about 1.1% natural abundance (of carbon atoms), whereas 1H 
has 99% natural abundance. 12C has high natural abundance but cannot be 
observed by NMR spectroscopy (nuclear spin, I = 0).

•	 The 13C nucleus is about 400 times less sensitive than the 1H nucleus in 
NMR spectroscopy. This is due to the intrinsic magnetic properties of the 
nucleus as well as the low natural abundance for 13C. Practical implications 
are that significantly more sample and longer acquisition times are required 
for direct observation of carbon.

•	 Due to low natural abundance, 13C-1H coupling is usually not observed, 
which greatly simplifies the 1H spectrum.

•	 13C has a chemical shift range that spans 0 to 220 ppm, whereas 1H has a 
chemical shift range of 0 to 20 ppm. The larger spectral width for 13C results 
in greater peak dispersion, which tends to simplify the spectrum. This has 
favorable implications for structure elucidation and is notably important 
for characterization of organic compounds using indirect detection experi-
ments where a proton is the observed nucleus.

•	 The number of peaks in a 13C spectrum usually correlates with the number 
of types of carbons in the molecule.

•	 Chemical shifts for both 1H and 13C are measured with respect to tetrameth-
ylsilane, (CH3)4Si (i.e., TMS).

•	 13C spectra are acquired in a “broadband, proton decoupled” mode, so the 
peaks appear as single lines. This simplifies the spectrum, but 1H NOE 
enhancements will affect the ability to quantitate the integrated intensities.

•	 Shorter relaxation times are typically experienced for 1H resonances; 
hence integration of 1H spectra is quantitative. 13C, on the other hand, 
requires long relaxation times, so obtaining a quantitative 13C spectrum 
would result in prohibitively long acquisition times. In addition, to elimi-
nate the discrepancy in integrated intensity caused by 1H NOE enhance-
ment, undecoupled spectra would be required, which would negatively 
impact S/N.

The general implications in these comparisons are that although 13C spectra may 
appear simpler, they take longer to acquire at the natural abundance level and are not 
quantitative when employing 1H decoupling. Overlap of peaks is much less common 
than for 1H NMR, which makes it easier to determine how many types of carbons are 
present. With LC-NMR, the concentrations of analytes are often at the microgram 
and submicrogram levels. This would make direct observation of 13C a prohibitively 
long experiment or requiring the incorporation of an isotopic label.

Overall, nuclear magnetic resonance is an inherently insensitive experiment. 
Issues with respect to natural abundance, magnetic properties, energy-level popu-
lations, and relaxation all impact the ability to observe an NMR signal. When 
interfaced with HPLC, these limitations are exacerbated by properties such as 
flow, concentration, and dynamic range. To enable and enhance the capabilities 
of LC-NMR and related studies, significant advances in NMR instrumentation, 
experiments, method development, and probe technology were necessary. Many 
improvements in instrument sensitivity, range of capability, component integration, 
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and automation design have resulted in significant breakthroughs in the limits of 
detection for structural characterization. These advancements are described in the 
following chapters.
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3 Separation Methods

3.1  MODES OF SEPARATION

In high-performance liquid chromatography (HPLC), there are four primary modes 
of separation. These modes may be classified as normal-phase chromatography 
(NPC), reverse-phase chromatography (RPC), ion-exchange chromatography (IEC), 
and size-exclusion chromatography (SEC) [1].

Normal-phase chromatography (NPC) involves the use of a polar stationary 
phase consisting of porous particles (silica or alumina) with hydroxyl groups on 
the surface or inside the pores and a nonaqueous mobile phase [1–3]. Separation 
occurs when polar analytes slowly migrate through the solid support carried by 
nonpolar mobile phases such as hexane modified with small amounts of alcohol. 
NPC works best in the separation of nonpolar compounds (e.g., analytes readily 
soluble in nonpolar solvents) and may be used for the separation of complex samples 
by functional groups. NPC achieves separation when the analyte associates with 
and is retained by the polar stationary phase. Adsorption strengths increase with 
increased analyte polarity, and the interaction between the polar analyte and the 
polar stationary phase (relative to the mobile phase) increases the elution time. The 
interaction strength does not rely entirely on the analyte’s functional groups. Steric 
factors also contribute to interaction strength, allowing NPC to resolve and separate 
structural isomers.

A major disadvantage of NPC is that the polar surfaces are easily contaminated 
by bound analyte components. This problem may be addressed in part by the bond-
ing of polar functional groups, such as amino or cyano, to the silanol moieties. 
Increasing solvent polarity in the mobile phase will also decrease the retention time 
of the analytes, whereas more hydrophobic solvents tend to increase retention times. 
Furthermore, very polar solvents will tend to deactivate the stationary phase by cre-
ating a bound water layer on the stationary phase surface. Use of NPC became less 
attractive because of a lack of reproducibility of retention times as water or protic 
organic solvents changed the hydration state of the silica or alumina chromato-
graphic media. The normal-phase separation mode subsequently regained popular-
ity with the development of hydrophilic interaction chromatography (HILIC) bonded 
phases, which improve reproducibility [4].

With respect to the interface of NPC with NMR spectroscopy, this combina-
tion has drawbacks of interference from the eluting solvent. Typically the solvents 
employed are hexane or heptanes mixed with isopropanol, ethylacetate, or chloro-
form. These solvents produce too many 1H resonances that are mainly multiplets, 
and such signals obliterate a major portion of the proton spectrum. For this reason, 
NPC has extremely limited utility in LC-NMR applications.

Reverse-phase chromatography (RPC) is the separation of analytes based upon 
a hydrophobic nonpolar stationary phase and a polar mobile phase. The separation 
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mode is called RPC because the introduction of alkyl chains bonded covalently to 
the stationary support surface reversed the elution order relative to NPC (Figure 3.1) 
[5]. Hydrophobic groups such as octadecyl (C18) bonded groups on silica support 
are common RPC systems where polar analytes elute first while nonpolar analytes 
interact tightly with the solid support. Elution order of the polar first and the nonpo-
lar last is the reverse of NPC, giving rise to the term reverse phase chromatography. 
Mobile phases in RPC typically consist of methanol or acetonitrile and water. The 
separation mechanism is attributed to hydrophobic or solvophobic interactions [6, 7]. 
RPC is the most common HPLC mode that is interfaced with NMR spectroscopy, 
and such modes have been readily integrated into the NMR laboratory environment 
[1]. The attraction of use of RPC in LC-NMR spectroscopy is the availability of deu-
terated mobile-phase components such as acetonitrile, methanol, and water. These 
deuterated mobile-phase solvents have an added advantage of giving rise to pro-
teoresonances that are in NMR spectral regions outside the area of interest of most 
organic molecules; hence complications from overlay with NMR peaks of interest 
are minimized. RPC is suitable for the analysis of water-soluble polar compounds, 
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FIGURE 3.1  Illustration of separation modes for normal-phase chromatography (NPC) and 
reversed-phase chromatography (RPC). (a) Diagram of NPC showing silanol groups (Si-OH) 
in the pores and on the surface. Polar compounds will migrate slowly due to strong interac-
tions with silanol groups. (b) Diagram of RPC where polar analytes elute first and nonpolar 
analytes elute later due to strong interactions with the hydrophobic C18 moieties. This inter-
action (polar first and nonpolar last) is the reverse of NPC.
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compounds with medium polarity, some nonpolar compounds, and accounts for the 
vast majority (>70%) of analysis performed in liquid chromatography.

Hydrophilic interaction chromatography, or HILIC, was invented and so named 
in 1990 to distinguish it from normal-phase chromatography. HILIC is a variation of 
NPC without the disadvantage of requiring solvents that are not miscible with water. 
This separation mode has also been referred to as reverse reversed-phase or aqueous 
normal phase chromatography. With HILIC, the stationary phase is a polar material 
such as silica, cyano, amino, etc., while the mobile phase is highly organic (>80%) 
with a small amount of aqueous/polar solvent. Water or similar polar solvent(s) are 
the strong, eluting solvent [4].

The HILIC mechanism on silica is the result of the polar analyte partition-
ing into and out of an adsorbed water layer. A charged polar analyte can also 
undergo cation exchange with charged silanol groups. The combination of these 
mechanisms results in enhanced retention of polar analytes. Lack of either of these 
mechanisms results in no polar retention. HILIC offers greater retention than RPC 
for very polar bases.

There are several benefits of using HILIC. This method retains highly polar 
analytes that would be unretained by reversed-phase chromatography. Because of 
this, it has complementary selectivity to reversed-phase chromatography. There are 
also distinct advantages with respect to the enhanced sensitivity in mass spectrom-
etry. Utilizing high-organic mobile phases (>80%) promotes enhanced electrospray 
ionization-mass spectrometry (ESI-MS) response and shortens sample preparation 
procedures. Finally, samples collected from solid-phase extraction (SPE), protein 
precipitation, or liquid/liquid extraction can be directly introduced onto a HILIC 
column, since these are already in organic solvent (e.g., acetonitrile, isopropanol, 
etc.). With RPC, the organic solvent would need to be evaporated to dryness and 
reconstituted in mobile phase before injecting onto a reversed-phase HPLC column. 
Elimination of the evaporation/reconstitution step by directly injecting the organic 
eluent provides a major advantage in reducing sample loss.

When using HILIC, the pH can be adjusted to reduce the selectivity toward func-
tional groups with the same charge as the column, or it can be enhanced for oppo-
sitely charged functional groups. However, changing the pH also affects the polarity 
of the solutes and hence retention on the column. An alternative would be employing 
column surface chemistries that are strongly ionic and thus resistant to pH values in 
the midrange of the pH scale (pH 3.5–8.5). In such cases, separations will be reflec-
tive of the polarity of the analytes alone, thereby simplifying method development. 
Because HILIC chromatography can be developed using a water-miscible mobile 
phase (typically acetonitrile/water or a volatile buffer replaces the NP hydrocarbon 
mobile phase), this separation mode may be well suited for online coupling with 
NMR spectroscopy.

For ionic analytes, however, ion-suppression or ion-paring techniques are needed. 
Ion-exchange chromatography (IEC) is the exchange of ionic analytes with the coun-
terion of the ionic groups on the solid support. IEC invokes a process that allows 
the separation of ions and polar molecules based on the molecular charge. It can 
be used for almost any kind of charged molecule. This mode of separation oper-
ates on the principle that analyte molecules are retained on the column based on 
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coulombic (ionic) interactions. The stationary phase surface displays ionic functional 
groups that interact with analyte ions of opposite charge. This mode of separation 
may be further divided into cation exchange chromatography and anion exchange 
chromatography. Cation exchange chromatography retains positively charged cat-
ions because the stationary phase displays a negatively charged functional group, 
whereas anion exchange chromatography retains anions using a positively charged 
functional group in the stationary phase. The ion strength of either the cationic or 
anionic analyte in the mobile phase can be adjusted to shift the equilibrium position 
and thus retention time.

In IEC, the mobile phase (a buffered aqueous solution) carries the sample from 
the injection port onto a column that contains the stationary phase material. The 
stationary phase is typically a resin or gel matrix consisting of agarose or cellulose 
beads with covalently bonded charged functional groups. Stationary phases for solid 
support include sulfonates for cationic exchange or quaternary ammonium groups 
for anionic exchange that may be bonded to polymeric or silica-based materials. 
The mobile phases used in these systems are buffers with a gradient of increasing 
ionic strength. The target analytes (anions or cations) are retained on the stationary 
phase but can be eluted by increasing the concentration of a similarly charged spe-
cies that will displace the analyte ions from the stationary phase. For example, in cat-
ion exchange chromatography, the positively charged analyte could be displaced by 
the addition of positively charged sodium ions. This separation mode is often used in 
the isolation of compounds such as amino acids, proteins/peptides, and nucleotides. 
However, one should note that because many amino acids do not absorb strongly in 
the UV or visible region, other types of detection (e.g., conductivity) would need to 
be implemented.

When IEC is interfaced with NMR, two conditions need to be addressed. The 
first includes suppression of the water peak from the mobile phase. This may be 
alleviated with the use of D2O, thereby adding increased expense from deuterated 
solvent. The second condition is the effect of ions in salts and buffers, leading to 
the formation of a “lossy” sample. In lossy solutions, RF (radio frequency) power 
is absorbed by the electric fields created by the ions in the sample, which results in 
longer pulses and less efficient excitation of nuclei. Sensitivity is also compromised, 
since the electric fields in the sample induce noise in the receiver coil. The electric-
field effects are more strongly coupled with coils in cryogenically cooled probes 
than with room-temperature probes; hence, the deleterious effects are even more 
pronounced with cryo-NMR technology. Overall, this condition compromises NMR 
performance.

Size-exclusion chromatography (SEC) is the separation of molecules based 
entirely on the molecular size of the compound, not by molecular weight. In such 
systems, large molecules are excluded from the pores of the solid support and there-
fore migrate more quickly. However, small molecules can penetrate the pores and 
migrate more slowly. SEC is usually applied to large molecules or macromolecular 
complexes such as proteins and industrial polymers. In fact, SEC is widely used for 
polymer characterization because of its ability to correlate with the molecular size 
of polymers. For polymers, the molecular size correlates with the molecular weight; 
hence, this mode of separation has also been termed gel-permeation chromatography 
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(GPC) when used to determine molecular weights of organic polymers. GPC employs 
an organic solvent as a mobile phase. When an aqueous solution is used to transport 
the sample through the column, the technique is known as gel-filtration chromatog-
raphy (GFC). GFC is used to separate biological compounds.

The advantages of SEC are good separation of large molecules from the small 
molecules, with a minimal volume of eluate [8]. Since this is a filtration process, 
solutions can be applied that preserve the biological activity of the particles to be 
separated. The SEC mode is usually combined with other chromatography to fur-
ther separate molecules by other characteristics, such as acidity, basicity, charge, etc. 
SEC also has short and well-defined separation times and narrow bands that produce 
good sensitivity. There is no sample loss with this method because solutes do not 
interact with the stationary phase. Disadvantages include the fact that only a limited 
number of component bands can be accommodated because the time scale of the 
chromatogram is short. In addition, a 10% difference in molecular mass is required 
to have good resolution [8].

There are other types of separation modes that may be amenable as an interface 
with NMR spectroscopy. These include supercritical fluid chromatography (SFC) 
and capillary electrophoresis (CE). Unlike HPLC, CE [9] is a separation mode in 
which the mobile phase is driven by electromotive force from a high-voltage source 
instead of a mechanical pump. The separations are based upon the different elec-
trophoretic mobilities of the molecules to be separated in an applied electric field. 
Because the coupling of CE with NMR is an emerging integration of technologies, 
this system is described later in this chapter in Section 3.6.

SFC is a form of NPC that is used for the analysis and purification of low to mod-
erate molecular weight, thermally labile molecules. It can be used for the separation 
of chiral compounds. The principles are similar to those of HPLC. However, SFC 
typically utilizes carbon dioxide as the mobile phase; hence the entire chromato-
graphic flow path must be pressurized. The SFC pressurized mobile phase (carbon 
dioxide) may be modified with polar organic solvents such as methanol. However, 
the SFC mobile phase has limited polarity even in the presence of polar modifiers. 
For example, at low pressures, CO2 has the solvating power equivalent to aliphatic 
hydrocarbons, whereas at higher pressures its solvating power is similar to methy-
lene chloride.

Because SFC generally uses carbon dioxide, it contributes no new chemicals to 
the environment; hence use of this separation mode supports “green chemistry” ini-
tiatives. SFC separations can be done faster than HPLC separations because the dif-
fusion of solutes in supercritical fluids is about 10 times greater than that in liquids. 
This results in a decrease in resistance to mass transfer in the column and allows for 
fast high-resolution separations. Compared with gas capillary (GC), capillary SFC 
can provide high-resolution chromatography at lower temperatures, thus allowing 
fast analysis of thermolabile compounds. This method is useful for nonpolar analytes 
and preparative applications requiring full recovery of analytes.

SFC can be interfaced with an NMR spectrometer but requires a special high-
pressure system configuration and high-pressure flow probes [10]. A major advan-
tage of SFC is the use of CO2 as the mobile-phase solvent, which is ideal for 1H 
NMR because it is free of protons that may require solvent suppression. A drawback 
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of SFC with NMR is that T1 of 1H resonances becomes long, which can affect signal 
intensity. In addition, it is known that the dissolution power of a solvent varies as a 
function of pressure in the supercritical state. Because chemical shift depends on 
the solvating state, this condition can severely affect the chemical shifts of proton 
resonances in the NMR spectrum. It has been shown that increasing the density of 
CO2 with increasing pressure will shift the 1H resonances to higher field, with the 
largest effects observed for exchangeable protons. This condition necessitates the 
need to avoid steep pressure gradients; otherwise, severe line broadening can occur 
in the NMR spectrum [11].

3.2  GENERAL METHOD DEVELOPMENT STRATEGIES

In performing HPLC, some basic corollaries need to be taken into account. The 
major goal of HPLC is separation of one or more components in a sample mixture; 
hence certain properties need to be present. One major property is the solubility of 
the analyte of interest. Samples with low solubility are difficult to extract, and this 
will lead to low recoveries. The extent of sample recovery becomes a critical factor 
when attempting to observe very dilute systems via NMR spectroscopy. One must 
also be mindful of the fact that in order for separations to occur, compounds must 
have different column retention times. To enable the separation process, an analyte 
must exhibit sufficient interaction with the stationary phase. The mobile phase is 
equally important in analyte separation. While the stationary phase controls analyte/
media interaction, the mobile phase affects the overall separation.

For primary HPLC methods such as RPC, finding appropriate mobile-phase con-
ditions is critical for analyte separation. When introducing the separation mixture, 
it is important to dissolve the analyte in either a mobile phase or a solvent weaker 
than the starting mobile phase. Problems with peak fronting are caused by injecting 
samples with stronger solvents than the mobile phase. When stronger solvents must 
be used to dissolve the analytes, smaller injection volumes are necessary. Typically, 
less than 5 μL is required as injection volume when analytes are dissolved in strong 
solvents. In addition to peak fronting, exponential tailing can occur from second-
ary interactions with acidic silanols. Mass overload is also problematic for good 
separation and results in the creation of a shark fin peak shape. The optimal chro-
matography peak shape is Gaussian, which results from a single interaction with the 
stationary surface. Examples of common peak shapes are illustrated in Figure 3.2. 
Controlling the chromatographic peak shape is not only important in effecting good 
separation, but can have a profound effect on the concentration of an isolated sample 
for LC-NMR detection.

One must also give significant attention to the type of stationary phase that is 
used. For example, there are a variety of C18 reverse-phase columns commercially 
available. However, these columns vary significantly in their retention and silanol 
properties. Finding the best column for a specific separation can depend to a large 
extent on experimentation with method development.

In developing a new separation method, it is important to first identify the goal 
of the separation. A key question is whether it is necessary to separate and isolate 
multiple components or just one component. If there are multiple components, it is 
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important to determine the number of components and their respective solubilities. 
Next, one may need to determine whether a gradient or isocratic method is needed. 
For many HPLC separations, a gradient method provides the best separation and is 
usually employed. Resolution is important in effecting good separation. This prop-
erty is dependent on both the physical and chemical parameters that are described 
in Equation (3.1).

	 R N k
ks = × − ×

+4
1

1
α

α
	 (3.1)

where
Rs	 = resolution
N	 = plate number (column length and particle size)
α	 = selectivity (stationary and mobile phase, temperature)
k	 = retention (stationary and mobile phase)

Based on Equation (3.1), it is readily apparent that no separation is possible with-
out retention. If k is zero, all analytes will co-elute. Next, selectivity (α) is shown to 
be maximized by optimizing column and mobile phase conditions. Small changes 
in selectivity (e.g., mobile phase and column stationary phase) can have a major 
effect on resolution. Finally, the plate number (N) appears as a secondary means of 
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FIGURE 3.2  (a) Peak fronting caused by injections of compounds in solvents stronger than 
the mobile phase. (b) Peak tailing can be caused by activity with acidic silanols. (c) Peaks in 
the shape of a shark fin result from mass overload. (d) Good Gaussian peak shape.
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maximizing efficiency. This may be achieved by increasing the length of the column 
or using a more efficient column. Since Rs is proportional to N , doubling N will 
only increase resolution by a fraction of the increased value. For example, if the col-
umn length is doubled, the analysis time will increase by a factor of two, but the reso-
lution increases by 2  or 41%. When compared with an increase in α from 1.1 to 1.2, 
one sees almost a doubling in resolution, showing that optimization of the mobile 
phase will provide higher resolution efficiency. Because of the various factors that 
influence resolution, it is important to determine at the outset how much resolution is 
needed. Properties of common chromatographic solvents are given in Table 3.1 [8].

The polarity of the analyte relative to the mobile phase and stationary phase is 
also critical. The pH of the mobile phase should be selected such that pKa of the 

TABLE 3.1
Properties of Chromatographic Mobile Phases

Solvent
Refractive 

Indexa

Viscosity 
(cP)b

Boiling Point 
(°C)

Polarity Index 
(P′)

Eluent Strength,c 
(Є0)

Fluoroalkanesd 1.27–1.29 0.4–2.6 50–174 <−2 −0.2

Cyclohexane 1.423 0.90 81 0.04 −0.16

n-Hexane 1.372 0.30 69 0.1 0.008

1-Chlorobutane 1.400 0.42 78 1.0 0.208

Carbon tetrachloride 1.457 0.90 77 1.6 0.144

i-Propyl ether 1.365 0.38 68 2.4 0.224

Toluene 1.494 0.55 110 2.4 0.232

Diethyl ether 1.350 0.24 35 2.8 0.304

Tetrahydrofuran 1.405 0.46 66 4.0 0.456

Chloroform 1.443 0.53 61 4.1 0.320

Ethanol 1.359 1.08 78 4.3 0.704

Isopropanol 1.383 2.04 82 3.9 0.82e

Ethyl acetate 1.370 0.43 77 4.4 0.464

Dioxane 1.420 1.2 101 4.8 0.448

Methanol 1.326 0.54 65 5.1 0.76

Acetonitrile 1.341 0.34 82 5.8 0.52

Nitromethane 1.380 0.61 101 6.0 0.512

Ethylene glycol 1.431 16.5 182 6.9 0.888

Acetic acid 1.372 1.1–1.26f 117.9 6.2 High

Water 1.333 0.89 100 10.2 High

Source:	 Adapted from Skoog, Holler, and Crouch [8] and other sources.
a	 At 25°C.
b	 CentiPoise (cP) is a unit of viscosity (1 cP = 1 mN − s − m−2).
c	 Є0 on SiO2.
d	 Range given specific values dependent on molecular weight.
e	 On Al2O3, multiplication by 0.8 gives Є0 on SiO2.
f	 At 20°C.



77Separation Methods

© 2010 Taylor & Francis Group, LLC

analyte (that is, the condition where 50% of the analyte is ionized) is avoided in order 
to obtain good separation.

When creating a new method, numerous factors need to be considered and 
tested. A general method-development protocol can be summarized in four basic 
steps. The first step is column selection. Selection of the appropriate stationary 
phase may be guided by vendor-supplied selectivity charts and the chemical prop-
erties of the analytes. Next, a pH range (acidic, neutral, and basic) should be deter-
mined. For RPC (especially when interfaced with NMR), the mobile phase will 
be either methanol or acetonitrile, although modifiers such as formic acid may be 
added to effect separation. In general, acetonitrile is preferred because it is less 
viscous than methanol. Methanol is weaker in solubilizing analytes, which trans-
lates into longer retention times and higher pressures. Finally, the temperature of 
the column can be adjusted to improve selectivity. However, when using elevated 
temperatures, one must be careful to avoid compromising the performance and 
lifetime of the column.

A basic protocol for performing HPLC method development may be summarized 
as follows:

	 1.	Select column (perform method development trials with three different col-
umns); LC-NMR typically employs RPC.

	 2.	 Identify the optimal pH (choose conditions at pH 3, 6, and 10; adjust 
accordingly).

	 3.	Select mobile phase and modifiers (LC-NMR mobile phase are usually 
MeOH/ACN and water; common modifiers are formic acid and trifluoro-
acetic acid [TFA]). To ensure optimal performance and reproducibility, it 
is recommended that additives or buffers be added to both aqueous and 
organic mobile phases, although this can sometimes be problematic with 
respect to participation of salts from organic solvents or baseline distor-
tion at low UV values. For LC-NMR, modifiers should be chosen to mini-
mize introduction of 1H-NMR signals that can overlap with NMR peaks of 
interest.

	 4.	Set column temperature (temperatures from 30°C–50°C are a good starting 
point). Increasing the temperature will reduce mobile-phase viscosity. This 
will lower back pressure when the flow rate is held constant. Temperature 
can be used to optimize linear velocity and improve analyte diffusivity. 
This can improve analyte retention and selectivity.

Once the pH, mobile phase, column, and temperature are selected, the method 
may be fine-tuned by optimizing the gradient slope. A shallow gradient slope may 
improve resolution at the expense of a decrease in sensitivity. Increasing the gradient 
slope will increase sensitivity but compress the peaks and hence reduce resolution. 
Adjusting the gradient slope requires a balance between peak height and resolution.

The time needed for method-development trials may be significantly reduced by 
employing ultra-performance liquid chromatography (UPLC) technology. Run times 
may be reduced by a factor of three. For example, a method-development proto-
col that would take twenty-one hours to complete with an HPLC system may be 
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completed on a UPLC system in seven hours. If the UPLC method subsequently 
needs to be transferred to an HPLC (as may be required for an LC-NMR applica-
tion), there are software packages available from vendors that will automatically 
convert the system (column, mobile phase, modifier) to enable the same separation 
and resolution.

3.3  COLUMN PACKING TYPES

A primary component of the HPLC system is the column. Key parameters defining 
the column are size and packing materials. Column sizes typically range from 50 to 
250 mm in length and 2–4.6 mm ID. Column-packing materials are critical to sepa-
ration success. Packing for small-molecule separations consist of support types such 
as silica, polymer, or hybrid. Bonding groups that are typically used for RPC are 
alkyl, amino, cyano, and phenyl. For NPC, silica (OH) and amino-capped solid sup-
port are used, while for IEC, diethylaminoethyl, sulfonate, quaternary ammonium, 
and carboxylate groups are used. Particle sizes range from 2 to 5 μm in analytical 
columns but increase up to 10 μm for preparative columns.

The major support material in column packing is Silica (SiO2). Unbonded silica 
has intensely strong absorptive characteristics and therefore is modified through 
bonding with alkyl silanes. Such attachments create a hydrophobic binding surface 
that is used in RPC. Typical bonded phases used in RPC, NPC, and IEC are shown 
in Table 3.2.

TABLE 3.2
Bonded Phases in HPLC Solid Support

Reversed Phase (RPC)
C18 Octadecyl Si-(CH3)2-(CH2)17-CH3

C8 Octyl Si-(CH3)2-(CH2)7-CH3

CN Cyano Si-(CH3)2-(CH2)3-CN

Phenyl Si-(CH3)2-(C6H6)

Low-bleed alkyl amide Si-(CH3)2-(CH2)3-NHCO-(CH2)14-CH3

Normal Phase (NPC)
Si Silica Si-OH

NO2 Nitro Si-NO2

NH2 Amino Si-(CH3)2-(CH2)3-NH2

Ion Exchange (IEC)
SP Sulfopropyl Si-(CH3)2-(CH2)3-SO2-

CM Carboxymethyl Si-(CH3)2-CO2-

DEAE Diethylaminoethyl Si-(CH3)2-(CH2)3-NH+-(C2H5)2

SAX Triethylaminopropyl Si-(CH3)2-(CH2)3-N+-(C2H5)3

Source:	 Adapted from Dong [1].
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RPC is the most common chromatography used in the isolation of small organic 
molecules. As noted previously, it is the primary mode of separation interfaced with 
NMR in pharmaceutical applications. Hence some general guidelines for selecting 
bonded phases for small-molecule separation are summarized below.

Because a fundamental consideration in the selection of a column is selection of 
suitable packing, careful consideration must be made in the selection material. It 
is known that the C18 column packing is a very hydrophobic, retentive, and stable 
stationary phase. Because of this, it is the first choice for most separations. C8 has 
similar selectivity as C18 but is much less retentive. The C8 sorbent is used in the 
separation of more polar compounds and with lower organic mobile phase. C3 and 
C4 may also be used, but they are less retentive than C8 or C18 and are usually 
used for protein separations on wide-pore supports. CN (cyano) phases have different 
selectivity than C8 and C18, but they are less retentive than C8 and less stable than 
C18. Phenyl sorbents are used with medium-polarity components with preferred 
selectivity for aromatics.

Column selection guidelines for RPC are often based upon personal experience. 
However, some general guidelines for separation of small organic compound mixtures 
may be considered as a starting point. Recommendations include selecting columns 
with 3–5-μm packing of high-purity silica-bonded phases. Columns ranging from 50 
to 150 mm with 3.0 to 4.5 mm diameter are a good starting point. Initial attempts 
at separation can begin with C18, C8, or cyano- or phenyl-bonded phases. Column-
selectivity charts provided by HPLC vendors can be used to assist in column selection. 
If pH is a consideration, low pH (<2.0) requires columns resistant to acid hydrolysis. 
For high-pH studies (pH > 8), columns should be selected that are stable at high pH.

3.4  DETECTOR SELECTION

Detectors equipped with a flow-through cell were a major breakthrough in the devel-
opment of liquid chromatography. Modern LC detectors possess a wide dynamic 
range, allowing both analytical- and preparative-scale runs on the same instrument. 
They have high sensitivities, often allowing the detection of nanograms of material. 
More advanced models are very flexible, allowing rapid conversion from one mobile 
phase to another and from one mode to another.

Almost all LC detectors are on-stream monitors. While on-stream detectors are 
generally the system of choice it is possible to interface an HPLC system with an 
off-line detector. An example of an off-line detector is the FTIR spiral disk moni-
tor, which requires sample transfer followed by scanning with the FTIR instrument. 
Because HPLC detectors are used under continuous flow conditions, the sample is 
dissolved in the eluent during detection. Actual sample may be present in only nano-
gram quantities in the detector, but this quantity could be even be femtograms. The 
high sensitivity of HPLC detectors (such as UV/Vis or diode array detector [DAD]) 
make them ideal for trace-analysis studies where low levels of sample impurities or 
degradants are present.

Given that UV/Vis and DAD are the most widely used detectors in HPLC studies, 
it needs to be recognized that there is no universal detector, so the liquid chromatog-
rapher must expect to eventually use more than one type of detector. A number of 
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detector variations have been created and used with hyphenated technologies such as 
LC-NMR. Some of the most common HPLC detectors are listed as follows:

	 1.	UV/Vis
	 a.	 Variable wavelength
	 b.	 Diode array
	 2.	Refractive index
	 3.	Fluorescence
	 4.	Conductivity
	 5.	Mass-spectrometric (LC-MS)
	 6.	Evaporative light scattering (ELSD)

While each of these detectors employs a different principle of operation, an ideal 
LC detector should have the following common properties:

•	 Low drift and noise level (particularly crucial in trace analysis)
•	 High sensitivity
•	 Fast response
•	 Wide linear dynamic range (this simplifies quantitation)
•	 Low dead volume (minimal peak broadening)
•	 Cell design that eliminates remixing of the separated bands
•	 Insensitivity to changes in type of solvent, flow rate, and temperature
•	 Operational simplicity and reliability
•	 Should be tunable so that detection can be optimized for different compounds
•	 Should be nondestructive

There are, however, differences with respect to the capabilities of the individ-
ual detectors. UV-Vis detectors are often used because they allow selection of the 
operating wavelength. Such systems are called variable wavelength detectors and 
are particularly useful in three cases. First, such systems offer improved sensitivity 
for any absorptive component by enabling selection of an appropriate wavelength. 
Second, because individual sample components have high absorptivity at different 
wavelengths, operation at multiple wavelengths enhances the system’s sensitivity. 
Third, depending on the sophistication of the detector, wavelength change may be 
programmed on a “time basis” into the memory of the system.

A diode array detector is a UV/Vis variant that consists of a number of photo-
sensitive diodes used to monitor light that has passed through a liquid sensor cell, 
as in a multiwavelength liquid chromatography detector. The light source is usually 
polychromatic (e.g., light from a deuterium lamp), and after passing through the cell, 
the light is dispersed by a quartz prism or a diffraction grating onto the surface of the 
diode array. The wavelengths most useful in liquid chromatography range from about 
210 to 330 nm (i.e., UV light); hence a sufficient number of diodes are needed to cover 
this range of wavelengths. Many organic compounds have characteristic spectra in 
the UV; therefore, when a given substance is passed through a sensor cell, all the 
outputs from the array can be acquired and used to construct an absorption spectrum.

Wavelengths and the associated functional groups are given in Table 3.3.
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TABLE 3.3
UV Chromophores and Related Functional Groups

Chromophore
Chemical

Configuration
λmax

(nm)
Єmax

(L/m/cm)
λmax

(nm)
Єmax

(L/m/cm)

Ether -O- 185 1,000

Thioether -S- 194 4,600 215 1,600

Amine -NH2 195 2,800

Thiol -SH 195 1,400

Disulfide -S-S- 194 5,500 255 400

Bromide -Br 208 300

Iodide -I 260 400

Nitrile CN 160 …

Acetylide -CC- 175–180 6,000

Sulfone -SO2 180 …

Oxime -NOH 190 5,000

Azido >C=N- 190 5,000

Ethylene -C=C- 190 8,000

Ketone >C=O 195 1,000 270–285 18–30

Thioketone >C=S 205 strong

Esters -COOR 205 50

Aldehyde -CHO 210 strong 280–300 11–18

Carbonyl -COOH 200–210 50–70

Sulfoxide >S-O 210 1,500

Nitro NO2 210 strong

Nitrite -ONO 220–230 1,000–2,000 300–400 10

Azo -N=N- 285–400 3–25

Nitroso -N=O 302 100

Nitrate -ONO2 270 shoulder 12

Allene -(C=C)2-acyclic 210–230 21,000

Allene -(C=C)3- 260 35,000

Allene -(C=C)4- 300 52,000

Allene -(C=C)5- 330 118,000

Allene -(C=C)2-alicyclic 230–260 3,000–8,000

Ethylenic/acethylenic C=C-CC 219 6,500

Ethylenic/amido C=C-C=N 220 23,000

Ethylenic/carbonyl C=C-C=O 210–250 10,000–
20,000

Ethylenic/nitro C=C-NO2 229 9,500

Source:	 Adapted from Kay and Laby [12] and other sources.
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Chromophores and their associated nucleotide bases, useful in biological studies, 
are given in Table 3.4 [12].

Because solvents can affect detection, one also needs to exercise caution in select-
ing the appropriate mobile-phase solvents. The UV cutoffs for some common chro-
matographic solvents are given in Table 3.5.

By selecting the appropriate diode, the wavelength of the light at which there 
is maximum absorption by the molecule can be monitored to provide maximum 
detector sensitivity. DADs help to identify analytes beyond simple identification by 
retention time. DADs also have an advantage related to the problem of peak purity. 
Since peak shape often does not reveal that it may actually correspond to two or 
more components, absorbance rationing at several wavelengths can help determine 
if a composite peak is present.

The evaporative light scattering detector (ELSD) is a valuable complement to 
spectroscopic detectors for HPLC. This type of detector works by measuring the 
light scattered from the solid solute particles remaining after nebulization and 

TABLE 3.4
Chromaphores and Nucleotide Bases

UV-Vis Chromophore λmax Em × 10−3 @ λmax

Adenine 260.5   E = 13.4

Guanine 275 E = 8.1

Cytosine 267 E = 6.1

Thymine 264.5 E = 7.9

Uracil 259.5 E = 8.2

NADH 340   E = 6.23

NAD 260 E = 18

Source:	 Adapted from Kay and Laby [12] and other sources.

TABLE 3.5
UV Cutoffs for Some Common Solvents

Solvent UV Cutoff (nm) Solvent UV Cutoff (nm)

Water 180 N-Heptane 197

Methanol 205 Cyclohexane 200

N-propanol 205 Carbon tetrachloride 265

Acetonitrile 190 Chloroform 245

THF 225 Benzene 280

Acetone 330 Toluene 285

Methyl acetate 260 Methylene chloride 232

Ethyl acetate 260 Tetrachloroethylene 280

Nitromethane 380 1,2-Dichloroethane 225

Source: Adapted from Kay and Laby [12] and other sources.
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evaporation of the mobile phase. Because the detector’s response is independent 
of the light-absorbing properties of molecules, it can reveal weakly chromophoric 
sample components that UV detectors miss and provide a more accurate profile of 
relative component abundance than is possible with a spectroscopic detector.

The fluorescence detector used in liquid chromatography is a detector that senses 
only those substances that fluoresce. A flow cell is used as the sensor through which 
the excitation light passes, and a photocell receives the radially emitted light. The 
cell wall is often made of Pyrex glass to prevent the excitation light (usually UV light) 
from reaching the photocell. The excitation light may be UV at 254 nm produced 
by a mercury lamp, or it may be light of any wavelength selected from the light pro-
duced by a deuterium lamp using a monochromator. The fluorescence detector is one 
of the most sensitive LC detectors and is often used for trace analysis. Unfortunately, 
although the detector is sensitive, its response is linear over a relatively limited con-
centration range. Also, because the majority of substances do not naturally fluoresce, 
this type of detector has only very specific uses.

The electrical conductivity detector also has limited use as an HPLC detector, 
since it measures the conductivity of the mobile phase. There is usually background 
conductivity, which must be attenuated by suitable electronic adjustments. If the 
mobile phase contains buffers or ionic additives, the detector gives a base signal that 
completely overwhelms that from any solute, usually making detection impossible. 
Hence the electrical conductivity detector senses all ions whether they are from a 
solute or from the mobile phase, making it of limited use in LC-NMR applications.

In recent years, significant progress has been made in the development of LC-MS 
interfacing systems. MS as an online HPLC detector is said to be the most sensitive, 
selective, and—at the same time—the most universal detector, but it is still the most 
expensive one. Interfacing an LC-MS system with NMR may have some challenges 
with respect to buffer/modifier compatibilities, but these issues are not insurmount-
able, and such configurations have been successfully implemented [13].

3.5 � RPC METHOD DEVELOPMENT AND 
COMPATIBILITY WITH NMR

LC-NMR is by convention assumed to be run in the reversed-phase HPLC mode. 
There are also primarily two mobile phases employed in LC-NMR, which include 
acetonitrile and water or methanol and water. For structure elucidation and chemical 
characterization by LC-NMR, the observed signal is a proton. From the standpoint of 
NMR analysis, the number of proton signals from sources other than the compound 
of interest need to be kept to a minimum. This is because proton signals from other 
components in the sample will overlap with signals of interest and create ambiguity. 
In addition, large signals from solvents or additives create dynamic-range issues, 
leading to a reduction in receiver gain and compromising the observation of the more 
dilute sample signals. It is for this reason that the mobile phase in an LC-NMR study 
needs to be as simple as possible. When selecting a solvent system, acetonitrile is 
often preferred, since it produces one 1H singlet in the proton NMR spectrum; hence 
it would affect only one region of the spectrum. Since residual water is also present, 
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the mobile phase gives rise to two large NMR signals that need to be suppressed. 
Methanol, on the other hand, produces two 1H resonances—one broad and one 
sharp. When combined with residual water, three regions of the NMR spectrum are 
affected. Another disadvantage for methanol and water is the exchangeable protons. 
Deuteration or suppression of exchangeable protons can prevent such critical protons 
in the molecule of interest from being observed. This condition can adversely affect 
chemical shift assignment and structure elucidation.

Because chromatographic peak widths need to be adjusted in continuous-flow 
LC-NMR experiments to match the active volume of the flow cell, careful atten-
tion needs to be given to chromatographic conditions. The approaches used for the 
reduction of HPLC peak width include the addition of an acid modifier. Typical 
acid modifiers in HPLC studies include acetic acid, formic acid, trifluoroacetic 
acid, and phosphoric acid. Although modifiers such as acetic acid and formic acid 
provide good chromatographic peak widths, they are less desirable in 1H LC-NMR 
flow studies due to the introduction of unwanted resonances that may require sup-
pression and can overlap with critical analyte peaks required for structure elucida-
tion [14].

As noted previously, normal-phase HPLC is not amenable to LC-NMR studies, 
since use of organic mobile phases such as hexane or heptane produce too many 1H 
resonances. Solvent suppression of the multiple resonance signals, while possible, 
becomes counterproductive when key analyte signals needed for structure elucida-
tion are eliminated.

3.6  INTEGRATION OF CE AND NMR

The coupling of capillary electrophoresis (CE) with NMR was first reported by 
Sweedler et al. in 1994 [15, 16]. Although capillary electrophoresis NMR can some-
times be a useful alternative to HPLC, few papers have been published combining 
CE with NMR [17–19]. This is partially due to the lack of commercially available 
instrumentation, coupled with the fact that smaller volumes and shorter retention 
times of analytes makes NMR detection challenging.

Even considering its drawbacks, microcoil NMR spectroscopy provides a viable 
way to combine the powerful separation capabilities of capillary electrophoresis 
with the detailed structural and molecular dynamic information afforded by NMR 
spectroscopy. A capillary CE system can be coupled with a CapNMR microcoil 
probe, with some nonroutine instrument modifications required. The reported CE 
system was fabricated with nonmagnetic plastic buffer vials and Pt electrodes, which 
do not present a problem and could be positioned within the magnet bore to perform 
CE-NMR [20].

In CE-NMR studies, either solenoid microcoils or saddle coils may be used. To 
prevent magnetic susceptibility effects from degrading line shape and signal-to-
noise ratio (S/N), thicker-walled capillaries are employed to bring the coil closer to 
the sample. Larger observed volumes can be realized by expanding the length of the 
capillary flow cell. However, an expanded detection flow cell will improve the signal 
at the expense of the separation efficiency.
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Problems associated with coupling electrophoresis and NMR result from elec-
trophoretic currents that can induce a second local magnetic field gradient and 
perturb the homogeneity of the NMR magnetic field. This can occur when using 
solenoid coils positioned parallel with the external magnetic field. The resultant 
magnetic-field inhomogeneity may not be easily restored by the shimming proce-
dures employed in NMR. This issue can be addressed using a saddle coil parallel to 
the external magnetic field. In this case, the current-induced magnetic field does not 
contribute to inhomogeneity of the magnetic field along the Z-axis. An additional 
consideration with CE-NMR is that one must be careful to avoid sample heating. As 
current is increased, Joule heating can occur, which may affect chemical shifts and 
compromise spectral integrity.

One of the most promising variants of microcoil CE-NMR is capillary iso-
tachophoresis-NMR. Capillary isotachophoresis (cITP) separates and concentrates 
charged species based on their electrophoretic mobilities. This is accomplished 
through the application of a high voltage across a capillary and using a two-buffer 
system comprised of a leading electrolyte (LE) and a trailing electrolyte (TE). When 
hyphenated to capillary NMR spectroscopy, cITP allows focusing of sample compo-
nents precisely in the active volume of the capillary probe, affording active volumes 
on the order of tens of nanoliters. This provides great gains in mass sensitivity, with 
the potential for separation and analysis of nanomolar quantities of biologically rel-
evant small molecules [21].

Capillary electrophoresis-NMR (CE-NMR) is still in the early stages of develop-
ment. Most results reported to date are based on custom-built probes, which often 
use internally modified capillaries and very small active volumes. Nonetheless, 
the preliminary results seem promising and suggest that CE-NMR may eventually 
become the technique of choice for specific applications where only submicrogram 
quantities of a compound are available.

3.7 � TRANSITIONING FROM ANALYTICAL TO 
PREPARATIVE CHROMATOGRAPHY

In the pharmaceutical industry, it is often necessary to isolate and structurally char-
acterize impurities in drug substances or drug products in sufficient quantities to 
enable full structural characterization of such impurities. These impurities often 
exist at the 0.1% level or lower. To obtain sufficient material for NMR investigations, 
this requires isolating tens of micrograms to milligrams of material for structure elu-
cidation. One approach to address this challenge is to take several grams of material 
(if available) and scale up the isolation of the impurity from an analytical platform 
to a preparative platform. Because scale-up from analytical LC to preparative-scale 
chromatography can be time consuming and wasteful of materials, it requires an 
optimized scale-up strategy. A recommended method-development strategy would 
be to develop and optimize the initial separation on an analytical column, overload 
the column while maintaining adequate separation of components of interest, and 
then scale up accordingly to a preparative column of appropriate dimensions based 
upon the amount of purified compound needed. With this approach, the choice of 
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analytical column is determined by the availability of preparative columns contain-
ing the same column-packing material. Using Equation (3.2), a linear scale-up to 
the preparative method may be achieved. Hence both analytical and preparative col-
umns from the same line of packing material must be available before beginning the 
preparative method-development and -optimization process.
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where
Vac	= flow analytical column
Vpc	= flow preparative column
rac	= radius analytical column
rpc	= radius preparative column
Xac	= maximum amount analytical column
Xpc	= maximum amount preparative column
CL	= ratio of lengths of columns Lpc/Lac

Lac	= length analytical column
Lpc	= length preparative column

In preparative scale-up, the same separation modes that were used in analytical-
scale chromatography can be employed for many different chromatographic sys-
tems. However, the cost and availability of high-performance preparative columns, 
the cost of solvents and additives, and the need to recover isolated fractions in a high-
purity state often limits the available choices; hence reversed-phase chromatography 
is most frequently used. Size-exclusion chromatography (SEC) and ion-exchange 
chromatography (IEC) are sometimes used for preparative scale-up, but are often 
applied to protein purifications.

Another important consideration in making the transition from analytical chro-
matography to preparative chromatography is particle size. Smaller particle sizes 
used in analytical columns generally allow greater efficiency and permit the use of 
shorter columns to increase separation speed. In preparative chromatography, the 
particle size is important, but the column is often used in an overloaded state; hence 
the smaller and more expensive particles of <3.5 μm that are used in analytical col-
umns are generally not used in larger-scale preparative columns. For complex mix-
tures with poor resolution (and selectivity), overloading may be difficult, and particle 
size would need to be kept small. For well-resolved samples, larger particles of 7 
and 10 μm can be used. When using larger, less expensive particles, the yield and 
purity can often be compromised. Because pressure drop is inversely proportional to 
the particle diameter squared, larger particles produce lower pressure drop, allow-
ing higher flow rates, which in turn enhance the throughput of preparative columns. 
Although the cost of packing material is inversely proportional to particle size, the 
need for high purity of analytes in complex mixtures with poor resolution between 
the important components often necessitates small-particle packings.
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Column dimensions are also important in scaling up to a preparative column. The 
amount of sample that can be injected increases with column internal diameter (and 
length), so using Equation (3.2), one can calculate the column diameter that fits the 
sample size required. Diameters commonly selected are 4.6-mm ID for small-scale 
preparative work; 7.8-mm ID columns are for semipreparative work; and 21.2-mm 
ID columns are for larger scale preparative applications.

Many of the success factors in analytical HPLC are also prevalent in preparative 
HPLC, but some issues present even greater challenges. This is because samples in 
preparative applications, which are often crude mixtures, contain impurities that can 
accumulate at the head of the column. If these impurities are not removed, they can 
cause changes in peak shape and retention time. Accumulated impurities also pres-
ent problems, since they can lead to clogs, and while they may not affect retention, 
they can increase the column pressure, causing leaks in the system if not monitored 
carefully. Recommended practice is to flush the column occasionally with increas-
ingly stronger solvents to remove bound impurities. Buildup of material in a packed 
column occurs most frequently when the injection solvent is weaker than the mobile 
phase, and it is especially noticeable when using isocratic elution. Gradient elution 
helps with removal of strongly held impurities due to the stronger solvents used in 
such cases. Reversed-phase packings tend to hold on to hydrophobic impurities; 
hence these should be flushed with strong solvents. Therefore, the history of the pre-
parative column is of vital importance when selecting a column. When attempting 
to use preparative chromatography for separating samples for NMR studies, espe-
cially when scaling up low levels of impurities, residual compounds from previous 
samples can show up unexpectedly, resulting in deleterious effects on the spectral 
quality. Therefore, in cases where preparative separation conditions are being devel-
oped, it may be advisable to start with a fresh column, or if this is not feasible, a 
thorough solvent-washing procedure should be employed. Cost considerations of the 
solvents required to regenerate the column versus column replacement would need 
to be considered.

3.8  GENERAL CONSIDERATIONS

The vast majority of LC-NMR experiments (≈97%) “directly detect” 1H nuclei. 
Proton spectra provide important information based upon indirect interactions with 
neighboring nuclei. This information may be captured with one-dimensional (1‑D) 
or multidimensional experiments. For small molecules containing magnetic nuclei 
such as 19F or 31P in high natural abundance, coupling information in 1‑D spectra can 
provide valuable information for structure elucidation studies. With nuclei having 
low natural abundance such as 13C and 15N, indirect detection experiments can pro-
vide the information necessary for full structural assignment. It should also be noted 
that nuclei such as 19F, 31P, and 29Si can be rapidly observed due to their high mag-
netic abundance. Because such nuclei are often chemically dilute, their spectra are 
less complicated, selective, and highly sensitive. No solvent suppression is needed, 
nor are extra resonances present from solvent or even mobile-phase additives. A 
disadvantage, however, is that such spectra are lacking much of the detail needed 
for full structure elucidation. While studies have been reported where there has been 
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direct observation of magnetically abundant nuclei such as 19F or magnetically dilute 
nuclei such as 13C, these studies address a specific purpose and are typically not 
widely applicable.

When considering the integration of LC with NMR, one must also recognize the 
challenges. This combined instrumentation brings with it the high costs of capital 
equipment and the complexity of achieving the appropriate compromise to obtain 
efficient LC separation while collecting concentrated sample in sufficient quan-
tity for NMR detection. Significant method development and prework involving 
preparative isolation are often needed to build sample concentration. The NMR 
experiment then may still require long experiment times. With continuous-flow or 
stopped-flow NMR, the extensive use of deuterated solvents is essential and can 
be expensive.

Other considerations in implementing LC-NMR technology include operator-
training requirements. Doing LC-NMR requires a unique set of skills, which often 
may require collaboration between LC and NMR specialists. Even with collabora-
tion, each specialist must gain familiarity with the requirements and limitations of 
both technologies. The difficulty in finding an HPLC method that makes LC and 
NMR experts all uniformly happy is generally acknowledged, so it is accepted that 
compromises must happen. Modifiers such as triethylamine may work well in an 
HPLC method but would introduce signals in the NMR that would mask critical 
peaks from the analyte of interest. In addition, stopping the pump for NMR signal 
averaging is important to obtain sufficient signal needed for an interpretable NMR 
spectrum; however, stopping the flow introduces peak dispersion for compound 
residing on the column. This becomes an issue when multiple peaks need to be 
isolated and structurally characterized. Introduction of in-line solid-phase extraction 
(SPE) or loop collection can be used to address this issue (for more on SPE and loop 
collection, see Chapter 5).

Finally, any flow system can clog up, get dirty, and be hard to clean. For cases 
where an analyte needs to be isolated in pure form, it becomes critical to ensure that 
the system is free of any materials that could contaminate the sample. NMR flow 
cells are not disposable elements; hence such systems need to be washed before and 
after each use to preserve the integrity of the system. To assist in removing particu-
late matter that can lead to clogs, guard columns (or precolumns) can be used. Such 
systems are commercially available as disposable units with direct connections to 
the column.

It is also good practice to appropriately prepare the sample prior to injection 
onto the HPLC unit. Typically, sample filtration is applied. Other modes of sample 
preparation may include centrifugation, precolumn SPE, lyophilization, liquid-liquid 
extraction, sublimation, etc. Removing lipophilic impurities is also recommended, 
as this will enhance the chromatographic separation and lead to a more concentrated 
sample of the analyte of interest.

When injecting a sample onto an HPLC column, it is preferable to use the starting 
mobile-phase system. However, analytes of interest may have limited solubility in 
the starting eluent. In such cases, fraction systems such as online precolumn SPE or 
multidimensional chromatography may be employed [22, 23].
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Overall, NMR coupling to many different kinds of chromatographic separation 
systems is possible. Off-the-shelf or specially designed NMR flow probes are com-
mercially available. With the standard LC-NMR probes, it is possible to use standard 
analytical scale chromatography (2 × 5-mm ID columns). All separation techniques 
like RP (reversed phase) and NP (normal phase)-HPLC (high-performance liquid 
chromatography), GPC (gel-permeation chromatography), and SEC (size-exclusion 
chromatography) are applicable. With special equipment, SFC (supercritical fluid 
chromatography) and CE (capillary electrophoresis) are also possible.

REFERENCES

	 1.	 Dong, M. W. 2006. Modern HPLC for practicing scientists. New York: John Wiley & 
Sons.

	 2.	 Snyder, L. R., and J. J. Kirkland. 1979. Introduction to modern liquid chromatography. 
2nd ed. New York: John Wiley & Sons.

	 3.	 Meyer, V. R. 2004. Practical HPLC. 4th ed. New York: Wiley-Interscience.
	 4.	 Alpert, A. J. 1990. Hydrophilic-interaction chromatography for the separation of pep-

tides, nucleic acids and other polar compounds. J. Chromatogr. 499:177–96.
	 5.	 Molnar, I., and C. Horvath. 1976. Reverse-phase chromatography of polar biological 

substances: Separation of catechol compounds by high-performance liquid chromatog-
raphy. Clin. Chem. 22:1497–1502.

	 6.	 Melander, W. R., and C. Horvath. 1980. Reversed-phase chromatography. In High per-
formance liquid chromatography: Advances and perspectives. Vol. 2, ed. C. Horvath, 
113–319, New York: Academic Press.

	 7.	 Carr, P. W., J. Li, A. J. Dallas, D. I. Eikens, and L. C. Tan. 1993. Revisionist look at sol-
vophobic driving forces in reversed-phase liquid chromatography. J. Chromatogr. A 656 
(1–2): 113–33.

	 8.	 Skoog, D. A., F. J. Holler, and S. R. Crouch. 2007. Principles of instrumental analysis. 
6th ed. Belmont, CA: Thompson Brooks/Cole.

	 9.	 Weinberger, R. 2000. Practical capillary electrophoresis. 2nd ed. New York: Academic 
Press.

	 10.	 Allen, L. A., T. E. Glass, and G. C. Dorn. 1988. Direct monitoring of supercritical fluids 
and supercritical chromatographic separations by proton nuclear magnetic resonance. 
Anal. Chem. 60:390–94.

	 11.	 Bai, S., and C. R. Yonker. 1998. Pressure and temperature effects on the hydrogen-bond 
structures of liquid and supercritical fluid methanol. J. Phys. Chem. A 102:8641–47.

	 12.	 Kaye, G. W. C., and T. H. Laby. 1995. Tables of physical and chemical constants. 16th 
ed., 2.1.4 Hygrometry. Online version 1.0, 2005. www.kayelaby.npl.co.uk

	 13.	 Exarchou, V., M. Krucker, T. A. van Beek, J. Vervoort, I. P. Gerothanassis, and K. Klaus 
Albert. 2005. LC-NMR coupling technology: Recent advancements and applications in 
natural products analysis. Magnetic Resonance in Chemistry 43:681–87.

	 14.	 Taylor, S. D., B. Wright, E. Clayton, and I. D. Wilson. 1998. Practical aspects of the use 
of high performance liquid chromatography combined with simultaneous nuclear mag-
netic resonance and mass spectrometry. Rapid Communications in Mass Spectrometry 
12:1732–36.

	 15.	 Wu, N., T. L. Peck, A. G. Webb, R. L. Magin, and J. V. Sweedler. 1994. Nanoliter vol-
ume sample cells for 1H NMR: Application to online detection in capillary electropho-
resis. J. Am. Chem. Soc. 116:7929–30.



90 LC-NMR: Expanding the Limits of Structure Elucidation

© 2010 Taylor & Francis Group, LLC

	 16.	 Wu, N. A., T. L. Peck, A. G. Webb, R. L. Magin, and J. V. Sweedler. 1994. 1H-NMR 
spectroscopy on the nanoliter scale for static and online measurements. Anal. Chem. 
66:3849–57.

	 17.	 Pusecker, K., J. Schewitz, P. Gfrorer, L. H. Tseng, K. Albert, E. Bayer, I. D. Wilson, et al. 
1998. On-flow identification of metabolites of paracetamol from human urine by using 
directly coupled CZE-NMR and CEC-NMR spectroscopy. Anal. Commun. 35:213–15.

	 18.	 Schewitz, J., P. Gfrorer, K. Pusecker, L. H. Tseng, K. Albert, E. Bayer, I. D. Wilson, 
et al. 1998. Directly coupled CZE-NMR and CEC-NMR spectroscopy for metabolite 
analysis: Paracetamol metabolites in human urine. Analyst 123:2835–37.

	 19.	 Schewitz, J., K. Pusecker, P. Gfrorer, U. Gotz, L. H. Tseng, K. Albert, and E. Bayer. 
1999. Direct coupling of capillary electrophoresis and nuclear magnetic resonance spec-
troscopy for the identification of a dinucleotide. Chromatographia 50:333–37.

	 20.	 Olson, D. L., M. E. Lacey, A. G. Webb, and J. V. Sweedler. 1999. Nanoliter-volume 
1H NMR detection using periodic stopped-flow capillary electrophoresis. Anal. Chem. 
71:3070–76.

	 21.	 Jayawickrama, D. A., and J. V. Sweedler. 2003. Hyphenation of capillary separations 
with nuclear magnetic resonance spectroscopy. J. Chromatogr. A 1000:819–40.

	 22.	 Mars, C., and H. C. Smit. 1990. Sample introduction in correlation liquid chroma-
tography application: Properties and working conditions for a novel injection system. 
Analytica Chimica Acta. 228:193–208.

	 23.	 de Koning, J. A., A. C. Hogenboom, T. Lacker, S. Strohschein, K. Albert, and U. A. 
Th. Brinkman. 1998. On-line trace enrichment in hyphenated liquid chromatography-
nuclear magnetic resonance spectroscopy. J. Chromatogr. A 813:55–61.



91

© 2010 Taylor & Francis Group, LLC

4 NMR Instrumentation 
and Probe Technologies

4.1  INSTRUMENTATION CONFIGURATION

LC-NMR integrates the separation capabilities of HPLC with the structure elucidation 
capabilities of NMR to produce a hyphenated analytical instrument. With this system, 
a sample mixture may be separated into individual components by injection into the 
HPLC unit. The separated fractions are then either directly sent to a flow probe or may 
be transferred to a variety of different collection devices for eventual transport to a 
flow probe in the NMR spectrometer. Because compound identification and structural 
elucidation using NMR is nondestructive, the compounds can be easily recovered. 
Both the HPLC and NMR systems can be operated as an integrated unit or indepen-
dently. This versatility enables the system to adapt to the needs of the experiment.

The LC-NMR system is comprised of an NMR spectrometer console, a supercon-
ducting magnet, a workstation, and a flow probe, all under the operation of special-
ized LC-NMR software. The HPLC portion is comprised of an HPLC pump, HPLC 
column(s), variable-wavelength UV detector and/or photo diode array detector, and 
an LC workstation that may be set up for stopped-flow or continuous-flow operation. 
Timing for movement of a peak between the different positions in the hyphenated 
system must be carefully calibrated. The time required for a peak to reach the NMR 
probe or a designated collection unit depends upon the void volume between the 
LC unit and the collection unit or probe flow cell. This will depend upon flow rate. 
In order to allow selection of desired peaks, the separation is monitored by an LC 
detector, usually a UV detector, which displays a chromatogram of the separation. 
The chromatography software allows certain positions in the chromatogram to be 
manually or automatically selected for further measurement. The NMR probe or 
storage compartment is located downstream of the UV detector and is estimated to 
be reached about 10 to 40 s after the first peak appears in the LC detector [1]. The 
software calculates the appropriate delays to capture the peak at its desired position, 
where the necessary actions for storage or measurement are initiated. Software is 
commercially available from instrument vendors that allow automated or interac-
tive selection of the peaks from the chromatogram and automatic calculation of the 
time delays. A typical LC-NMR system configuration is shown schematically in 
Figure 4.1.

The illustration shows that the HPLC system and the NMR spectrometer can exist 
as two separate units that can be operated independently. The interface allows trans-
fer of a peak eluting from a column directly to a flow probe. Other collection modes 
that are frequently used include loop collection and solid-phase extraction (SPE). 
With both loop collection and SPE, eluting compounds are parked in a loop or on a 
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cartridge where the compound may reside until it is sent to the flow-cell chamber for 
NMR detection.

When conducting an LC-NMR study, analytical chromatographic separation of 
small organic molecules is usually carried out using reversed-phase chromatogra-
phy. In considering column selection, silica-based C18 or C8 columns are commonly 
chosen because of their high efficiency and stability. Factors such as flow rate, tem-
perature, and gradient composition will affect separation of the analyte mixture and 
need to be adjusted to obtain optimal conditions. The appropriate method for good 
analyte separation may be developed on an independent HPLC method-development 
system and transferred to the LC-NMR at a later time.

The basic conditions of a chromatographic separation conducted for an LC-NMR 
experiment are the same as those required for ordinary analytical chromatography. 
However, the transfer of chromatographic methods from a method-development system 
to the LC-NMR system requires attention to the type of chromatography used, the buffer, 
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HPLC
pump

UV detector
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Injector
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FIGURE 4.1  Illustration of a typical LC-NMR configuration, where the NMR spectrometer 
is integrated with a liquid chromatography system. Samples may be transported directly from 
the column to the probe. Other common collection modules include a solid-phase extraction 
(SPE) system or loop collector. Capillary junctions are designated with solid lines, and elec-
tronic junctions with dashed lines.
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solvent considerations depending on the mode of collection, and the column. In fact, in 
many cases it may be advantageous to transfer the same column used in method develop-
ment to the LC-NMR system to obtain the same chromatographic separation resolution.

Buffer selection can be an important consideration, since highly protonated buf-
fers such as ammonium acetate will produce large proton signals that can affect 
the receiver gain settings and create dynamic-range issues that will interfere with 
observation of the low-level analytes of interest. This is further compounded by the 
large NMR signals from the mobile-phase solvents (typically H2O and acetonitrile 
or methanol). Although the proteosolvent and buffer signals can be suppressed with 
sophisticated pulse sequences (see Section 6.2, Solvent Suppression, in Chapter 6), 
problems arise due to excessive overlay of the suppressed peaks with analyte peaks 
of interest. Phosphate buffers or trifluoroacetic acid (TFA) additives are well suited 
for NMR evaluation, since they do not contain nonexchangeable protons to compli-
cate the spectrum. However, such buffers may compromise other modes of detection. 
With respect to solvent suppression and the dynamic-range issues, the large solvent 
signal problem may be partially alleviated with the use of D2O, since this deuterated 
solvent is not cost prohibitive. However, D2O will cause deuterium exchange with 
the analyte, eliminating observation of exchangeable protons that may be critical for 
structure elucidation. Hence, when developing a method for transfer to an LC-NMR 
system, the composition of the mobile phase must be carefully determined.

As noted previously, additives such as phosphate and TFA may be ideal for 
NMR detection. However, if the method needs to be compatible with mass spec-
trometry (MS), such buffers can be problematic. This is because phosphate buffers 
tend to crystallize out and contaminate the MS ion source and can be very difficult 
to remove. In addition, TFA is not usually compatible with electrospray ionization 
(ESI)-MS, since it causes ion suppression as a result of strong ion pairing between 
the TFA anion and the protonated analyte. In negative ion mode, TFA suppresses the 
analyte by competing for charge. Hence use of such buffers may prevent the ability 
to correlate the LC-MS and LC-NMR chromatograms.

While careful control of buffer and mobile-phase composition is important for 
successful execution of an LC-NMR experiment, this is not a factor when the system 
employs solid-phase extraction as a means of trapping the analyte. With SPE, LC 
methods can be directly transferred to the LC-NMR system without concern for such 
compatibility issues (see Section 5.3, Solid-Phase Extraction, in Chapter 5).

It is well known that NMR spectroscopy is inherently an insensitive technique. 
From an instrumentation standpoint, the sensitivity of NMR spectroscopy depends 
on three parameters. These include

	 1.	The magnetic field strength (sensitivity increases with magnetic field 
strength)

	 2.	The size and filling factor of the receiver coil (mass sensitivity increases 
with increasing fill factor and decreasing coil diameter)

	 3.	The noise introduced during detection

Factors governing these parameters are addressed below.
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4.2  THE MAGNET

The first commercial magnets that gained popularity in NMR in the early 1960s 
were electromagnets. These magnets were constructed using a stable yoke termi-
nated by two pole pieces. The magnetic field in electromagnets is generated by high-
intensity electrical current running through two main field coils wound around the 
magnetic circuit. This type of magnet dissipates a significant amount of heat; con-
sequently, saturation of the ferromagnetic material limits the field strength to about 
2.3 T (100 MHz). The Varian A-60, introduced at the Pittsburgh Conference in 1961, 
was an electromagnet designed for continuous wave (CW) NMR at 60 MHz. The 
introduction of this system helped establish NMR spectroscopy as a standard tool 
for organic chemists [2].

The next major step in the early 1960s was the development of a superconducting 
magnet. A superconducting magnet is an electromagnet made from coils of super-
conducting wire. For superconducting magnets, the wire can conduct much larger 
electric currents than ordinary wire; hence very strong magnetic fields can be cre-
ated. Superconducting magnets have a number of advantages over resistive elec-
tromagnets. They can achieve an order of magnitude stronger field than ordinary 
ferromagnetic-core electromagnets, which are limited to fields of around 2 T. The 
field is generally more stable, resulting in less noise in experimental measurement, 
and its operation does not require expensive consumption of electrical power and 
cooling water, as required for the electromagnets.

The basic construction of such superconducting magnets consists of a solenoid 
wound with superconducting wire, which comprises the fundamental design of every 
high-frequency NMR magnet [3]. The niobium-titanium alloy (NbTi) embedded in 
a copper matrix has been used to construct solenoids for field strengths up to 9.4 T 
(400 MHz). For magnetic fields 11.7 T (500 MHz) and above, niobium-tin (Nb3Sn) 
alloy wires were developed. Although this alloy has the appropriate flexibility and 
tensile strength to allow precise winding into a solenoid form, the Nb3Sn alloy is 
nonetheless more expensive, brittle, and difficult to wind relative to the NbTi wire, 
hence adding to the cost of higher field magnets. In 2007, a magnet with windings 
of yttrium barium copper oxide (YBCO) was reported that achieved a world-record 
field of 26.8 T [4]. As a result of this work, the U.S. National Research Council set a 
goal of creating a 30-T superconducting magnet, and it is expected that fields exceed-
ing 30 T may be achieved with this material.

With NMR superconducting magnets, in order to reach and maintain supercon-
ductivity, the coil must be immersed in a cryocoolant. This is required to keep the 
magnet operational over a long period of time. Nearly all superconducting magnets 
currently used for NMR spectroscopy are cooled by liquid helium (4.2 K) at normal 
atmospheric pressure or at reduced pressure. Boil-off of the liquid helium cryogen 
is mediated by containment in a vacuum jacketed canister with liquid nitrogen in a 
concentric vessel. Liquid nitrogen is replenished on a weekly basis, whereas liquid 
helium may last several months prior to replenishing supplies depleted by atmo-
spheric boil-off.

Strength of the magnetic field is determined by the current density contained in 
the superconducting coil. The higher the current density, the higher the magnetic 
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field and, hence, the corresponding Larmor frequency. Most commercially produced 
superconducting magnets have had 1H frequencies ranging from 100 to 1000 MHz

The room-temperature bore size of modern superconducting magnets is usually 
54 or 89 mm, and those magnets are called SB (standard bore) or WB (wide bore) 
magnets, correspondingly. Superconducting magnets are not only used in NMR 
equipment, they are also widely used in MRI machines, mass spectrometers, mag-
netic separation processes, and particle accelerators.

Although sensitivity can be increased by increasing the magnetic field, this is 
not a cost-effective solution. Currently, magnetic field strengths in NMR systems 
are commercially available at 900 MHz and beyond; however, these systems are 
quite expensive. Relative to a 900-MHz spectrometer, a 600-MHz spectrometer will 
possess half the sensitivity but can be purchased at a considerably lower cost [5]. 
Nonetheless, efforts to design and build increasingly stronger magnets for NMR 
investigations are ongoing. Such systems are installed at regional centers to allow 
access by multiple investigators. One such center is the European Centre for High 
Field NMR (CRMN) in Lyon, France, which houses a 1-GHz NMR spectrometer. 
The intention is that a more powerful magnet will enable spectroscopists to observe 
tiny traces of chemicals in complex mixtures of body fluids, environmental sam-
ples, or even pharmaceutical samples. The magnet at the Lyon center possesses a 
massive 23.5-T field and represents a milestone in the expansion of NMR magnetic 
field strength. The cost of the system was estimated at US$16.3 million, purchased 
in 2010. However, it is expected that the cost should become more affordable with 
advances in magnet technology. Given the power of this system, this spectrometer 
should attract and benefit chemists and structural biologists on a global scale.

The types of studies that can benefit from a 1-GHz NMR instrument include stud-
ies of large proteins and membrane-bound proteins, which are extremely difficult 
to crystallize for X-ray analysis. In protein NMR-spectroscopy studies, researchers 
can use lipid constructs, known as bicelles, that can potentially mimic cell mem-
branes; hence, bound proteins may assume a more physiologically relevant shape. 
For scientists involved in using nanodiscs, which corral lipid and protein together in 
their natural conformation, the increased sensitivity and resolution of the higher field 
magnets can be critical in problem solving.

Other applications include metabolic profiling work in chemistry applications. 
Analytical chemists will be able to perform chemical profiling for water and soil 
samples to measure industrial effects on these materials. High-field NMR spectros-
copy could be used to study chemical reactions that may occur on large particle 
beads, for example, catalysts attached to grains of silica. In addition, trace quantities 
of isolated impurities may be characterized to provide more definitive structures 
for safety assessment in toxicology studies. In such studies, the concentration of the 
trace impurity is often only <0.1% of the total. Hence higher fields such as 1 GHz 
will open up new horizons in the study of compounds and systems that were not 
amenable to NMR at lower field strengths [6]. It should be noted that in 1986, the 
discovery of high-temperature superconductors by Georg Bednorz and Karl Müller 
created great interest and hope for future development of magnets that could be 
cooled by liquid nitrogen instead the liquid helium cryogen. This would be a highly 
welcome advancement, since liquid helium is more difficult to work with and more 
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expensive. However, this technology has not yet been realized in the evolution of 
NMR magnet technology [7].

Although there are significant benefits in building higher field magnets, more 
cost-effective efforts to further improve sensitivity have centered on improving 
probe performance [8, 9]. Reduction of thermal noise was a major advancement that 
was addressed with the development of cryogenically cooled probes. In addition, 
development of probe geometries with smaller receiver coils and better fill factors 
have had a major impact on sensitivity. These advances in probe technology are 
particularly attractive, since probes may be easily added or retrofitted to existing 
spectrometers at a fraction of the cost of replacing the magnet.

The following discussion focuses on the various advancements in probe design 
used in supporting LC-NMR studies.

4.3  ROOM TEMPERATURE FLOW PROBE

Flow probes for NMR spectroscopy have been designed for both manual and auto-
mated use. For an NMR flow probe to be optimally functional, it needs to incorporate 
a number of criteria. When a flow probe is interfaced with an HPLC/column unit, 
the system must be robust enough to sustain connection and flow transfer through 
capillary tubing. The flow probe must possess an enhanced “filling factor” to achieve 
maximum sensitivity on a chromatographically isolated peak. This becomes particu-
larly important for low-level quantities of isolates, where signal-to-noise ratio (S/N) 
is challenged by minimal sample concentration. In addition, care must be taken to 
eliminate leaks, clogs, and air bubbles in the NMR flow cell, which lead to degraded 
NMR lineshape from magnetic-susceptibility inhomogeneities.

To enable maximum flow-cell performance, NMR flow probes are designed with 
the inlet to the probe at the bottom of the flow cell (vertically aligned with the mag-
netic field) and the outlet from the top of the flow cell (Figure 4.2). This configuration 
is conducive to the elimination of air bubbles.

A variety of high-resolution NMR flow probes are commercially available and 
are considered to be standard items from NMR vendors. NMR flow probes are 
designed with optimized flow-cell size for chromatographic peaks and minimized 
band broadening during sample transfer. These probes are capable of high sample 
throughput. By linking the flow probe to a chromatography system, direct transfer of 
a sample into the NMR probe is possible. This direct transfer has the advantage of 
minimizing sample handling and thus the danger of contamination and decomposi-
tion of samples. Because the probe is the only modification to the NMR spectrometer 
that is required for flow applications, a probe change can be done in minutes and 
preserve the versatility of the instrument.

Flow probes are available on spectrometers ranging in field strength of 300–900 
MHz. Typical flow-cell sizes are 30, 60, and 120 µL, although microcapillary probes 
are also available (see Section 4.4). The NMR probe configurations are available 
with a variety of multinuclear capabilities, including 19F. Flow probes are currently 
sold having gradient shimming and automatic tune and match, which vastly increase 
the utility and ease of use of LC-NMR systems.
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4.4  MICROCAPILLARY PROBES (ROOM TEMPERATURE)

To enable quality NMR data to be obtained from shrinking sample sizes, capillary 
room-temperature NMR probes (CapNMR™) were developed and are commercially 
available. These probes have a flow-cell capacity of either 5 or 10 µL. Popular probe 
configurations include 1H with 13C indirect detection or triple-resonance inverse 
probes with 1H, 13C, and 15N or 31P. CapNMR probes enable hundreds of samples of 
isolated compounds to be run per day using 96- or 384-well microplates.

4.4.1  Microcoil Capillary Flow Probes (Room Temperature)

The CapNMR system (Protasis/MRM Corp., Savoy, IL) requires a different approach 
to sample preparation. Instead of preparing a sample in a conventional 5-mm glass 
NMR tube containing 200-600 µL of deuterated solvent, the CapNMR sample is 
dissolved in only 5–10 µL of solvent. The solution is then transferred into the capil-
lary probe either manually using a syringe or by using an automated liquid-handling 
system. It is important to note that this technology requires regularly scheduled 
cleaning protocols to ensure reproducible results.

The CapNMR probe’s microflow probe characteristics include a swept flow path 
that is composed entirely of fused silica. This enables the probe to be compatible with 
the vast majority of NMR solvents. The flow-cell volume of this probe is 5 µL, Vobs 
= 1.5 µL; a feed capillary is included consisting of ≈2 µL on both the inlet and outlet 
sections (50-µm ID), yielding a total probe volume of ≈9 µL. The probe is reported 

InOut Saddle coil

Flow cell 1.7 mm capillary

 Flow probe vs. capillary probe  

FIGURE 4.2  Illustration of a flow probe and a capillary cryoprobe. Both probes may be 
configured with 30-µl flow-cell volume.
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to yield excellent line shape using a sample of 5% CHCl3 in deuterated acetone, with 
values of <1 Hz at 50%, <10 Hz at 0.55%, and <20 Hz at 0.11% on a 500-MHz NMR 
spectrometer. Shimming this probe typically requires using just four to eight first- 
and second-order shims. Mass sensitivity at 500 MHz was reported using a 3-µL of 
0.33 mM sample of sucrose in D2O (340-ng total mass) collecting 256 scans. S/N > 
10 was determined for the anomeric proton at 5.4 ppm.

To prevent blockages, the capillary probe is equipped with an in-line microfilter 
consisting of a 2-µm screen, and having a dead volume of just 0.085 µL. The narrow 
capillary inside diameter and small dead volume filter minimize sample dispersion 
and solvent requirements. The standard CapNMR probe is equipped with a deute-
rium lock, proton and carbon observe channels, and z-gradient. Unlike cryogenically 
cooled probes, this probe may be easily installed and removed and has a range of 
compatibility with instrument vendors.

Because of its small probe volume, the capillary NMR probe exhibits inherently 
less concentration sensitivity relative to a larger probe. However, this has a concomi-
tant advantage with respect to solvent background. This is because a small-volume 
NMR also results in a smaller signal from protonated solvent, rendering any solvent 
interference comparatively decreased and less detrimental to the quality of the spec-
trum obtained. A comparison between the solvent background signal of residual 
HOD (partially deuterated water) in D2O in a conventional 5-mm tube 1H/13C/15N tri-
ple-resonance triax (inner coil 1H outer coil 13C/15N) versus the CapNMR flow probe 
(Vobs = 1.5 µL) was examined. Both the 5-mm tube and CapNMR probes were filled 
with identical solvent and optimized for lineshape and 90° pulse width. Spectra were 
acquired using a single scan and allowing for T1 recovery. Identical data processing 
parameters were used. The S/N of the HOD signal in the larger-volume probe was 
found to be 13-fold larger compared to the capillary probe.

Overall, the probe performance distinction indicates that the NMR analysis of a 
mass-limited sample is best accomplished using a probe with the smallest volume 
and highest mass sensitivity. Although a larger-volume probe having identical mass 
sensitivity as a smaller-volume probe (such as a cooled-coil probe) may yield a simi-
lar S/N for the analyte, spectral quality will be diminished due to interference from 
a larger solvent background signal.

Another advantage of the microcapillary flow probes is that they possess high 
salt tolerance. Hence the presence of dissolved salt in a sample has little to no effect 
on spectral quality. This is because in a microcoil probe, the major source of signal 
noise is from the transceiver coil. As a result, even a large increase in the ionic char-
acter of a sample will have a minor effect compared to the S/N in the absence of salt. 
The presence of 500-mM KCl is reported to have reduced the S/N of a model com-
pound <10%. Only a change in chemical shift was observed that may be attributed to 
the different ionic environments of the molecule in the two solutions [10].

A comparison of CapNMR flow-cell probes to that of traditional 5-mm sample-
tube-based probes revealed significantly higher mass sensitivity for the capillary 
configuration. CapNMR was claimed to improve the sensitivity of NMR spectros-
copy beyond that achieved by using Shigemi-type tubes, where the sample volume 
of a 5-mm NMR tube is reduced by half, and a two- to threefold net increase in 
mass sensitivity is realized. Gronquist et al. [11] directly compared spectra obtained 
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with both probe designs using a 10-mM sucrose solution. In one series of experi-
ments, one-dimensional (1‑D) 1H-NMR spectra as well as two-dimensional (2‑D) 
(1H,13C) HMQC (heteronuclear multiple-quantum coherence) and (1H,13C) HMBC 
(heteronuclear multiple-bond correlation) spectra were acquired for a 5-µL sample 
of a solution of sucrose (10 mM) injected into the CapNMR probe by syringe. In a 
second series of experiments, the same amount of sucrose was dissolved in the vol-
ume of solvent (D2O) required using a 5-mm Shigemi tube, followed by acquisition 
of an equivalent set of spectra using a conventional 5-mm H{C,N} probe and the 
same spectrometer. A comparison of the 1H spectra revealed that the signal-to-noise 
ratio was about five times better for the CapNMR spectrum over that found using 
the Shigemi tube [11]. In addition, the residual water peak in the CapNMR spectrum 
was several orders of magnitude smaller than in the spectrum obtained using a 5-mm 
probe, since the active volume is over 100 times greater in the 5-mm sample than 
that of the CapNMR 5-µL flow cell. The vastly reduced water peak enables higher 
receiver gain, which contributes to the observed sensitivity gain.

Indirect detection with carbon-proton correlation experiments using HMQC, 
HSQC (heteronuclear single-quantum correlation), and HMBC has also been 
reported using CapNMR. Because of the low natural abundance of 13C, the sensitiv-
ity of these experiments in producing sufficient S/N for structure determination can 
often be challenging. However, because CapNMR probes are equipped with gradient 
coils, sensitivity-enhanced gradient versions of the HMQC and HMBC experiments 
are possible. This leads to improved signal intensity. Also, smaller solvent signals 
enable appropriate receiver gain adjustment and contribute to higher sensitivity for 
the indirect detection experiments [5].

The principles and parameters for choosing an NMR probe to be used in the 
analysis of volume- or mass-limited samples have been explored [10]. The focus 
of the comparison was on capillary-based microflow probes. The term microflow 
(as used in the study) refers to both the flow rate through the NMR probe, usually 
1–50 µL/min, as well as the sample volume of 1–10 µL. In addition, the transceiver 
coil used in such probes commonly has a diameter of 1000 µm or less, yielding a 
flow-cell volume of typically 5 µL. These practices have emerged to form a new 
spectroscopic-size scale called micro-NMR.

Mass sensitivity of microflow probes has been described as comparable to cryo-
probes (observe volume ≈ 40 µL), but with several advantages. The microflow probe 
studied had a flow-cell volume of 5 µL and an observe volume of 1.5 µL and was 
equipped with 1H and 13C observe channels, a deuterium lock, and z-gradient capa-
bility. The inlet and outlet capillary inner diameters were 50 µm to minimize sample 
dispersion and to make it amenable for volume-limited samples.

An example of probe performance was demonstrated using an injected sample of 
1 nmol of sucrose (0.34 µg in 3 µL, 0.33 mM; MW = 342 g/mol), which yielded a 
1‑D proton spectrum in 10 min on a 500-MHz spectrometer. A second case involved 
15 µg of sucrose (in 3 µL; 15 mM, 45 nmol) injected and parked in the probe to yield 
an HMQC spectrum in less than 15 h. The natural product muristerone A (75 µg in 3 
µL, 50 mM, 150 nmol; MW = 497 g/mol) was injected into a flow cell, and a gradi-
ent COSY spectrum was acquired in 7 min, a gradient HMQC in 4 h, and a gradient 
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HMBC in 11 h, showing that with sufficiently concentrated samples, a full range of 
NMR experiments required for unambiguous structure elucidation may be obtained.

There are four basic modes of sample injection into the probe that vary in the 
degree of user intervention, speed, solvent consumption, and sample delivery effi-
ciency. The four basic modes include manual, manual assisted (employing a micro-
pump), automated (using an autosampler), and capillary HPLC. Manual injection 
involves injecting a sample via a small-volume inlet by hand using a syringe. A 
variety of solvents may be used including dimethyl sulfoxide (DMSO), which has a 
fairly high viscosity. A few microliters of sample can be injected into the flow cell in 
a single step. Alternatively, a few microliters of injected sample can be followed by 
an injection of push solvent to position the analyte in the 5-µL flow cell. A manual 
injection module can be used that fastens the required capillary fittings and connec-
tions to the leg of the NMR magnet. Sample recovery is typically >90%.

Manually assisted injection is a variation on manual injection. This process loads 
by hand the sample loop of a typical, two-position, six-port microinjection valve. 
Once the loop is loaded, the valve position is switched, which puts the loop on flow, 
and a micropump is simultaneously triggered to deliver the sample to the NMR flow 
cell. When the sample reaches the flow cell, it is held there by stopping the flow and 
returning the valve to its original position. The high-throughput sample loader con-
sists of a PC-programmable micropump and appropriate valves. An initial calibra-
tion injection determines the correct stopping time for placement of the analyte in 
the NMR flow cell. The probe flow path requires a volume of only 15–25 µL to thor-
oughly rinse the flow cell for the next sample. Hence the transit capillary length must 
provide this minimum solvent volume for rinsing the probe between samples. Due to 
the design of the CapNMR probe, a single transceiver coil is triple-tuned for the deu-
terium lock channel as well as proton and carbon nuclei. The tune-and-match circuit 
has sufficient frequency isolation to allow all typical decoupling experiments to be 
performed in an effective manner. Since the probe does not contain the usual inner 
1H coil and outer 13C coil, direct carbon sensitivity is particularly good when com-
pared to a conventional 5-mm indirect-detection probe [12]. The use of a microcoil 
for 13C NMR results in high mass sensitivity for carbon and an ability to excite the 
full carbon bandwidth using typically ≈1 W of power.

The automated flow injection configuration employs a Gilson 215 autosampler, 
a micropump, and the CapNMR probe. Sample handling and data acquisition are 
controlled from the NMR console using automated vendor sample transfer software. 
The tool command language was altered by instrument vendors to trigger the micro-
pump and change the fluidic sequence to a series of customized steps. This system 
enables the automated analysis of 96-well plates. Analyte concentrations are ≈1 to 10 
mM; a typical sample pickup volume is 10 µL; and DMSO is an acceptable solvent.

Capillary-based HPLC injections require interfacing the capillary electrophoresis 
system with the capillary HPLC/NMR system. The probe used in this configuration 
may be viewed as a detector for capillary-based HPLC and offers some unique capa-
bilities unattainable at the conventional (120 µL) size scale of LC-NMR [13]. One 
advantage of this system is that the microcoil probe can readily recover from any 
solvent gradient because the effect of diffusion on its microflow-cell volume is small.
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4.4.2  Microcoil Tube Probes (Room Temperature)

Microcoil-tube-based probes are also commercially available and offer sig-
nificant practical advantages over conventional 5-mm probes. These advantages 
include enhanced solvent suppression, improved salt tolerance, ease of shimming, 
improved radio-frequency (RF) homogeneity, and reduced cost of sample produc-
tion, especially for protein studies where expression yields are low. An advan-
tage of the microcoil tube probe over the flow probe is the versatility it affords in 
sample handling. Unlike the flow cell, the tube enables the analyst to remove the 
sample from the magnet and reinsert it at a later time for further data collection. 
This frees the spectrometer for other studies while the initial data set is being 
evaluated. If additional data is required, the sample can easily be returned to the 
probe for additional experiments.

Biochemists have reported the use of a 1-mm triple-resonance z-gradient microcoil 
HCN probe to determine full resonance assignment and generate a full 3‑D structure 
of a small protein [14]. The protein used was a 68-residue Methanosarcina mazei 
TRAM protein (8.7 kDa). The biological function of this protein is not understood; 
hence it was expected that structure elucidation would provide insight into its func-
tion. Only 72 µg of uniformly labeled 13C,15N protein was used in the study. The 
accuracy of the overall structure determined using the microcoil probe assessed by 
comparison with the 5-mm NMR sample containing ≈1600 µg of doubly labeled 
protein was not dramatically different. The backbone rms deviation between the 
mean coordinates of the ensembles of conventional and microcoil probe structures 
was 0.73 Å, demonstrating that high-quality data can be obtained with <100-µg pro-
tein samples [14]. The entire microcoil-probe data set used for resonance assignment 
and 3‑D structure determination was acquired in approximately twice the time as 
required using the 5-mm probe (19 d vs. 9.5 d) but on a fraction of the mass of pro-
tein typically required for NMR structure determination using a conventional 5-mm 
room-temperature probe.

The probe used in the study consisted of a vertical two-coil design with the inner 
1H coil and the outer coil tuned to 13C and 15N. It is a top-loading probe that accom-
modates 1-mm tubes; hence all moving parts and possible probe maintenance issues 
of flow-cell probes are eliminated. The probe had a 2.5-µL NMR active volume and 
a 5-µL practical minimum sample volume requirement.

The probe was also tested for performance as a function of protein molecular 
weight. It was found that comparable spectral sensitivity for 2‑D (1H,15N) HSQC 
spectra for proteins up to ≈20 kDa, although spectral quality was inherent to the 
characteristics of the protein. Comparison of the probe performance with a conven-
tional 5-mm room-temperature probe showed a ninefold gain in mass-based sensitiv-
ity. When compared with a 5-mm cryogenically cooled probe, the practical gain in 
mass sensitivity was approximately threefold. Mass-based sensitivity has potential 
drawbacks if the sample is not well behaved at higher concentrations. For example, 
some proteins may tend to form aggregates at higher concentrations, leading to dete-
rioration of spectral quality.
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4.5  CRYOGENICALLY COOLED PROBES

When considering conventional probe technology, the thermal noise contribution 
from the entire receiver circuitry is treated as constant. Therefore, the sensitivity of 
a probe is commonly described in terms of the quality-factor parameter, otherwise 
known as the Q-factor, of the probe. The Q-factor is determined by the resonance 
frequency ω, the inductance L, and the resistance R of the entire resonant circuit [15]:

	 Q = ωL/R	 (4.1)

The signal-to-noise ratio is proportional to the square root of the Q-factor, not 
considering power losses in the sample. Improving the signal-to-noise ratio requires 
raising the Q-factor. By examining Equation (4.1), it is evident that increasing Q can 
be accomplished by reducing the resistance R. The inductance (L) is fixed for a given 
coil geometry. Hence, the Q-factor and the sensitivity of a probe is a function of the 
resistance of the entire resonant circuit. Because the resistance of the coil depends 
on the temperature of the coil, the resistance may be decreased by lowering the 
temperature. Thus, in the case of cryogenic probes, cooling the coil and reducing the 
resistance will raise the Q-factor and, consequently, the sensitivity of the probe. It 
should also be noted that the product of the Q-factor and the filling factor is a mea-
sure of how efficiently a coil can transfer RF energy to the sample volume; hence it is 
important that the distance between the coil and the sample be minimized.

The sensitivity gain obtainable by cryogenic cooling of the NMR probe was first 
demonstrated in 1984 as reported by Styles et al. [16], where a sensitivity improve-
ment of a 13C signal at 45.9 MHz was achieved by a factor of eight. The first probe 
of this kind was cooled with liquid helium and nitrogen. However, it took about 
twenty years for cryogenically cooled probes to become commercially available. 
The reason for this was due to the high engineering demands. Instead of liquid cryo-
gens, the modern cryogenic probes use cold helium gas, which requires an efficient 
thermal insulation. In addition to the probe itself, the cryogenic accessory consists 
of a cryogenic cooling unit and a helium compressor. The cooling unit supplies the 
entire infrastructure for the operation of the cryogenic probe and also continuously 
monitors the operation of the probe. These units form a closed-loop cooling system, 
where helium gas is compressed in one chamber and then chilled through expansion 
in a second chamber. This process of heat exchange follows the ideal gas law, where 
the temperature changes relative to pressure and volume.

The temperature is proportional to pressure and volume and inversely propor-
tional to the number of moles and the gas constant. Cooling is achieved by means 
of heat exchange. The cold helium is then transferred to the probe assembly using 
a vacuum-insulated transfer line. The probe consists of a well-insulated Dewar sys-
tem, housing both the receiver coil and preamplifier. These components are fitted in 
one assembly in order to keep all the RF connections between coil and preamplifier 
cold, so that any other thermal noise that might be introduced to the detector system 
would be minimal. Typical temperatures for the receiver coil and the preamplifier 
in the cryogenically cooled probes are 25 K and 80 K, respectively. The spectrom-
eter is operated in a routine manner while the cooling system works separately. The 
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cool-down and warm-up procedures are initiated by pushbuttons or over controlling 
software, and they are completed in a few hours. Figure 4.3 schematically shows the 
different hardware units required for the operation of a cryogenic probe.

Overall, cryogenic cooling of an NMR probe has had a major impact in NMR 
spectroscopy. This is because improving the signal-to-noise ratio has been and con-
tinues to be a major challenge in NMR spectroscopy. The conventional solutions for 
S/N improvement are (a) to increase field strength or sample concentration or (b) via 
signal averaging. However, the more challenging yet highly effective approach is to 
decrease the noise. This was accomplished by cryogenically cooling the electronics 
in the NMR probe to reduce thermal noise. Once the technology had been devel-
oped, the resulting probe—named a cryoprobe or a cold probe—went into commer-
cial production. Because these cryogenically cooled probes operate at a temperature 
of 25 K, they provide a S/N improvement that is about fourfold relative to their 
room-temperature counterpart [17]. These probes have been designed for a range of 
sample sizes that include capillary tubes up to 5-mm tubes and flow cells [8, 18, 19].

4.5.1  Cryoflow Probe

As previously described, when the electronics of the NMR probe are cooled, the 
signal-to-noise ratio of the resulting NMR spectra will increase [16]. Initially, tube-
based 5-mm probes for solution-state NMR studies were cooled to 25 K, result-
ing in a fourfold increase in sensitivity [12, 17]. Later, flow accessories were added 
to the 5-mm cryogenically cooled probe, thereby increasing sensitivity over room-
temperature flow probes [18]. The addition of a cryogenically cooled flow accessory 
increases the versatility by enabling the conversion of a tube-based probe to a flow-
through probe. The changeover operation takes only minutes and does not require 

Helium 
transfer

tube

Magnet Cryo-cooled
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FIGURE 4.3  Illustration of the components needed to operate a cryogenically cooled probe. 
The helium compressor can be configured for air-cooled or water-cooled heat exchange.
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warming the probe; hence there is no changeover downtime or loss of performance 
in either tube or flow operation. Cryoflow accessories are available for spectrometers 
ranging from 300 to 900 MHz. These probes have automatic tune and match capa-
bility and are compatible with sample-changer accessories. The flow cells are com-
mercially available with 30-, 60-, and 120-µL active NMR volume.

The design of this flow accessory is optimized to avoid a filling-factor loss, and 
S/N is maximized. Because a cryogenically cooled flow probe greatly improves 
NMR sensitivity, it can be readily used as a high-throughput analysis tool, although 
care must be taken to avoid flow-cell contamination. As with all flow probes used 
in a high-throughput manner, cleaning and maintenance of the system needs to be 
carried out to avoid contaminant carryover.

Many developments have expanded the capability of NMR flow cells. Flow 
probes currently incorporate improved fluidics, temperature control, and a wide 
range of sample-cell sizes. When combined with cryogenic cooling, substantially 
better sensitivity is realized. New capillary-separation techniques can be supported, 
and mutiplex NMR, which allows solution-state NMR to be truly parallel, is also 
possible (see Chapter 8). Cryogenic flow probes can also be interfaced with an SPE 
system and a loop collector. These developments have greatly expanded the range of 
LC-NMR applications.

4.5.2  Cryocapillary Tube Probe

Microcryotechnology is commercially available with the 1.7-mm TCI 
MicroCryoProbe™ from Bruker Biospin. This probe represents a tremendous 
improvement in mass sensitivity [20]. The sample volume is 30 µL and offers more 
than an order of magnitude in mass sensitivity compared to the conventional 5-mm 
probe and allows for highest 1H sensitivity as well as enhanced performance for car-
bon. A comparative illustration of a 1.7-mm capillary tube is given in Figure 4.2.

The extreme sensitivity provides a powerful tool for NMR analysis of limited 
sample amounts. Applications are particularly targeted toward isolated materials 
in low abundance. These may include degradants, process impurities, extractables, 
natural products, peptides or small molecules, difficult-to-express proteins, etc. This 
probe enables acquisition of spectra that allows difficult problems to be tackled and 
solved, particularly where only microgram or submicrogram quantities of material 
are available.

Because the sensitivity gain is 14-fold over a conventional room-temperature 
5-mm probe, a 200-fold reduction in experiment time can be realized. The probe is 
optimized for direct proton detection with indirect detection for 15N and 13C. Short 
pulses and large bandwidths for 15N are ideal for elucidating the structure of small 
molecules. Incorporation of z-gradients enables signal enhancement and solvent sup-
pression. The probe covers a temperature range of 0–80°C. In addition, the 30-µL 
volume can be perfectly matched to the elution volume of HPLC-SPE. Isolated sam-
ples from SPE may be sent directly to a 1.7-mm tube either in manual mode or in 
automation using a fraction collector.

Overall, the inherent insensitivity of NMR spectroscopy has been significantly 
addressed with the development of microcoils and the introduction of cryogenic 
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cooling. While conventional NMR hardware generally requires several milligrams 
of sample, the microenvironment has reduced the amount to tens of micrograms. 
The development of these microcoil probes has had a profound impact on studies 
ranging from isolations of very low levels of degradants and impurities to molecules 
synthesized on the microgram scale for activity screening studies as well as proteins 
that have challenging expression and purification schemes. These probe advance-
ments provide a tremendous boost in the successful investigation of biological NMR.

The success of combining cryocooling with microcoil probe design relies on the 
concept that miniaturization of the receiver coil will produce a concomitant increase 
in mass sensitivity (S/N per mg of solute). This is because S/N for a given amount of 
compound is approximately inversely proportional to the diameter of the coil. As a 
result, microcoil probes are highly suited for mass-sensitive applications, where the 
mass of the solute is limited, yet the solute is reasonably soluble.

As noted previously, the power of a room-temperature microprobe was ably 
demonstrated using the Methanosarcina mazei TRAM protein. In the first pub-
lished example of its kind, the Northeast Structural Genomics Consortium (NESG) 
determined the structure of this small (68-residue, 8.6 kDa) β-barrel protein using 
only 72 µg of protein. The probe used was a room-temperature Bruker 1-mm TXI 
MicroProbe (7-µL sample volume) [10]. Although the data were acquired in approxi-
mately twice the spectrometer time required with a conventional 5-mm probe, only 
1/20th the mass of protein was needed compared to a conventional 5-mm NMR 
sample, which required 1.6 mg. The NESG consortium subsequently employed the 
use of the even more sensitive Bruker 1.7-mm MicroCryoProbe (30-µL sample vol-
ume), which combines the microcoil concept with the threefold to fourfold increase 
in S/N afforded by cryogenically cooled coils in the probe.

The very valuable application of the MicroCryoProbe is in the investigation of 
proteins that can only be obtained in minute amounts, for example those proteins 
that can only be prepared using cell-free and other eukaryotic expression systems 
where yields are low [21]. An NESG target, VpR247, with a molecular weight of 11 
kDa, was solved using an 800-MHz spectrometer equipped with a 5-mm cryoprobe. 
The total sample volume was 300 µL, and the coordinates were deposited in the 
protein data bank (PDB id 2KIF). The structure was also solved using a 600-MHz 
NMR spectrometer equipped with a 1.7-mm MicroCryoProbe. In this case, only a 
30-µL volume (1/10 the amount of protein) was used. The structure was deposited in 
the protein data bank (PDB id 2KIM). Hence in both cases, the sample concentration 
of 0.9 mM was used, and both produced nearly identical results [22]. A comparison 
of the published structures of VpR247 protein is shown in Figure 4.4.

Using the 1.7-mm cryoprobe at 600 MHz enabled complete resonance assign-
ments and 3‑D structures of proteins ranging from 6 to 15 kDa in size, at 0.5–1-
mM protein concentration. Accordingly, it is now possible to routinely determine 
high-quality 3‑D structures of small (<20 kDa) proteins by NMR using 70–300-µg 
samples. This opens NMR spectroscopy to many new application opportunities in 
structural biology that previously were not possible.
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4.5.3 A ffordable Cryogenically Cooled Probes

A new type cryoprobe has been introduced that provides improved sensitivity 
approaching that of a conventional cryoprobe but at a more affordable price. This 
new type of broadband cryoprobe uses nitrogen-cooled RF coils and preamplifiers. 
The sensitivity enhancement of this probe relative to a conventional room-tempera-
ture probe is reported to produce a factor of two to three for X-nuclei ranging from 
15N to 31P.

The gain in sensitivity on the proton/fluorine channel was reported to exceed 
standard probe performance by a factor of two. This probe comes equipped with a 
control unit and a liquid nitrogen vessel. The advantage of this system relative to a 
helium-cooled cryoprobe is that no additional infrastructure is required in prepar-
ing a location for the system. The probe may also be obtained with an optional 
automatic tune/match accessory. This probe is currently available for NMR systems 
ranging from 400 to 600 MHz. The probe does, however, require weekly liquid N2 
fills to replenish the cryocooling system, thereby adding additional cost to the cryo-
gen maintenance.

As a routine workhorse, the nitrogen-cooled probe offers affordable sensitiv-
ity, a notable increase in sample throughput, and broadband technology covering 
nuclei from 15N to 31P. Ideal for small-molecule routine labs in academia and in the 

Blue = 5 mm cryo probe
Red = 1.7 mm cryo probe

FIGURE 4.4  (See color insert.) A superimposed ribbon representation of the backbone 
structure of NESG target VpR247 (11 kDa) is shown. The structure in blue was solved using 
an 800-MHz NMR spectrometer equipped with a 5-mm cryoprobe (300-µL volume, PDB id 
2KIF). The structure in red was solved using a 600-MHz NMR spectrometer equipped with 
a 1.7-mm microcryoprobe (30-µL volume, PDB id 2KIM). The sample concentration of 0.9 
mm was used for both studies.
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pharmaceutical and chemical industries, it allows full automation with minimum 
operating and maintenance costs and long service intervals.

4.6  PROBE COIL GEOMETRIES

Probe construction for NMR spectroscopy involves a high level of skill and pre-
cision. The optimization of NMR probes for commercial use requires advanced 
knowledge and expertise in the areas of physics, electronics, materials science, and 
mechanical engineering. While conventional probes face design and construction 
challenges, the microcoil probes present an even greater level of difficulty. This is 
because obtaining optimal sensitivity and resolution requires incorporation of the 
following attributes.

	 1.	Selecting appropriate coil geometry
	 2.	Minimizing circuit losses and magnetic-susceptibility-induced line 

broadening
	 3.	Ensuring that the generated B1 field is homogeneous over the entire sample 

volume

The typical coil geometry used in standard-solution NMR probes is the saddle 
type. This coil configuration generates a very homogeneous magnetic field orthog-
onal to the external B0 field. For miniaturization and small NMR coils, however, 
other coil geometries have been employed due to fabrication challenges combined 
with the need to optimize sensitivity and resolution. These coil geometries include 
solenoidal, planar, helical, and transmission types (microslot and strip line) [23]. 
Figure 4.5 shows the various types of NMR coil configurations. Additional discus-
sion on microcoil probes is given in Chapter 8.

Saddle 

Solenoid

Helmholtz 

Flat helical Stripline

FIGURE 4.5  Nuclear magnetic resonance probe coil geometries.
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4.7  PROBE SENSITIVITY COMPARISON

The sensitivity of NMR probes can be defined relative to concentration sensitivity, 
Sconc, or mass sensitivity, Smass, The equation describing concentration sensitivity is 
given as follows:

	 Sconc
–1S/N

C
M= ( )µ 	 (4.2)

With the decreasing size of the NMR probe coil, the S/N per unit mass increases. 
Because of this, if the mass of the sample is limited and high concentrations are 
possible (i.e., high solubility), then the S/N that can be obtained with a small coil 
will be greater than the S/N obtained using a larger coil. However, the concentra-
tion relationship with coil size and S/N is different. If high concentrations are not 
possible (due either to solubility constraints, as may be experienced in biological 
samples such as proteins) or if the total mass (e.g., mg of protein) is not limited, then 
larger coils will give rise to a higher S/N. For cases where mass and concentration 
are both limited, then the optimum size of the coil is dictated by the relative values 
of these two variables.

Mass-limited samples of small organic molecules are often delivered as a dried 
powder or oil. Under such conditions, the volume and concentration of sample pre-
pared for NMR analysis can be controlled by the spectroscopist, provided that the 
analyte retains suitable solubility. It then becomes useful to be able to measure sensi-
tivity in a manner that helps guide the spectroscopist to make the appropriate choice 
of an NMR probe to maximize S/N when the sample is mass limited. In contrast 
to concentration sensitivity, the mass sensitivity, Smass, is normalized not to sample 
concentration, but instead to the mass (or moles) of analyte in the observed volume 
(Vobs). Equation (4.3) that follows is:

	 Smass
–1S/N

m(obs)
ng= ( ) 	 (4.3)

where Smass is the mass sensitivity for a single scan, and mobs is the mass (or moles) of 
sample in Vobs of the probe. Normalization of S/N to the amount of analyte establishes 
Smass as a parameter that incorporates S/N as a function of the number of detected 
nuclei. This definition of mass sensitivity (Smass) is consistent with the standard defi-
nition of sensitivity that plots the slope of a curve based upon signal intensity versus 
sample amount observed. It should be noted, however, that when a compound is 
selected with a particular mass amount for measurement and data acquisition—and 
when processing parameters are selected, and presuming that certain basic condi-
tions such as tuning and matching of the circuit are completed—then Smass is affected 
essentially by the electronics of the probe, the shimmed sample homogeneity, and 
the ionic content of the sample. Although Smass could be defined for any number of 
transients, it is usually determined with a single fully relaxed scan. Following opti-
mization of acquisition conditions to maximize Smass for a given sample, Smass cannot 
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be further optimized. As noted previously, multiple transients may be used in defin-

ing Smass. Hence, the S/N term in Equation (4.3) can be multiplied by n , where n is 
the number of scans, should more than one scan be used in the evaluation.

Unlike concentration sensitivity (Sconc), Smass enables comparison of probe per-
formance for a sample of fixed mass. Conversely, Smass is not well suited to compar-
ing probes for a sample of fixed concentration, e.g., cases where a compound may 
have limited solubility. Hence, use of Sconc and Smass is dependent upon the particular 
sample situation (amount and solubility). However, they can both provide assistance 
in the choice of a probe or an analytical procedure for a given set of conditions.

In addition, probe performance can be monitored over time by making periodic 
determinations of either Sconc or Smass under standard conditions. Since mobs = C Vobs, 
Equations (4.2 and 4.3) can be combined to yield Equation (4.4).

	 Sconc = Vobs Smass	 (4.4)

Equation (4.4) shows that the larger the observe volume in a probe, the greater its 
concentration sensitivity, because for a fixed concentration, a larger volume positions 
more sample in the observe volume Vobs. Hence the observe volume Vobs becomes the 
proportionality constant that establishes a relationship between mass sensitivity and 
concentration sensitivity.

Another basic principle of NMR probe design is that Smass ≈ 1/dcoil. As the observe 
coil diameter (dcoil) decreases, transverse magnetic field strength per unit volume 
increases. Therefore, given a fixed mass of analyte and a consistent set of operating 
parameters and conditions, the NMR probe with the smallest observe coil diameter 
will have the largest mass sensitivity. This principle, when combined with Equation 
(4.4), leads to the conclusion that a concentration-limited sample will yield the high-
est S/N in a probe that accommodates a relatively large volume and, conversely, 
that a mass-limited sample is most effectively analyzed in a probe with the smallest 
observe coil. Therefore, if an analyte possesses high solubility and is not mass lim-
ited, the highest S/N will be achieved by placing an analyte mass in the probe with 
the smallest Vobs and dcoil and highest Smass and at the highest concentration allowed 
by sample solubility and availability. For mass sensitivity, the most challenging sam-
ple for NMR analysis is an analyte that is both concentration and mass limited.

Studies comparing Sconc and Smass for a microcoil probe and a traditional 5-mm tube 
probe (using a 1H{13C/15N} triple-resonance triax) on a 600-MHz NMR spectrometer 
have been reported [6]. S/N was measured in D2O from a single-scan spectrum using 
the anomeric proton of sucrose at 5.4 ppm. The S/N values were normalized either 
to the concentration or to the number of micromoles of material in Vobs to obtain the 
corresponding sensitivity. A Varian dsnmax algorithm was used to compute the S/N 
with a 200-Hz window and line broadening of 0.7 Hz. Four spectra were acquired, 
and the S/N values were averaged. The data revealed that the microcoil probe had a 
10-fold increase in mass sensitivity over the conventional 5-mm probe, but in con-
trast, the larger-volume probe is more concentration-sensitive by 15-fold. The data 
for both probes is consistent with Equation (4.4). The 10-fold mass sensitivity differ-
ence between the two probes is further confirmed by the ratio of the 90° pulse widths 
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measured at the same gain and transmitter power. The CapNMR probe had a value 
of 4.6 µs compared to the value of 46 µs for the 5-mm probe.

A second study was carried out for mass sensitivities for some common NMR 
probes relative to a fixed sample mass. Also included in the study was the determina-
tion of the corresponding data-acquisition time required to obtain quality spectra for 
the same fixed mass. In practice, an analyst may choose to sacrifice a part of optimal 
sensitivity for a reduction in data-acquisition time and the remainder for the amount 
of soluble sample available. For this study, a Bruker cryoflow probe was used, yield-
ing an Smass = 2688 (S/N per µmol) for the anomeric proton of sucrose, with line 
broadening of 1 Hz. If the Smass of the CapNMR probe were recomputed using a line 
broadening of 1 Hz, then Smass = 2400 (S/N per µmol) would be within 11% of the 
reported value for the cryoprobe.

The relationship between a capillary-based microcoil flow probe and a conven-
tional tube probe can be expressed as a comparison of S/N based on relative Smass 
values between the two different probes. If a capillary-based flow probe with a 
microcoil has a greater mass sensitivity than a tube probe with a larger coil, then 
it follows that, for an identical mass in the Vobs of each probe (and for a given set of 
experimental conditions):

	
S/N
S/N

cap

tube

mass, cap

mass, tube
= S

S
	 (4.5)

This expression can be modified to include two different observe volumes. Since 
the capillary probe has the greater mass sensitivity and the smallest coil, it will also 
have the smaller observe volume. The ratio of the two observe volumes reflects the 
increase in concentration for a fixed mass in the smaller, more mass-sensitive probe, 
as compared to the larger probe—hence a higher concentration. If the concentra-
tion increase in dissolving a sample of fixed mass in the smaller observe volume is 
not compromised due to solubility issues or other limitations, then the sensitivity 
increase will be as stated in Equation (4.6).
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In this equation, Vtube and Vcap represent the observe volumes for the large and 
small coil probes, respectively. The observe volume decrease, represented by Vtube/
Vcap, must equal the corresponding concentration increase for a fixed mass, given by 
Ccap/Ctube, for the full S/N increase of Smass,cap/Smass,tube to be attained. If this condition 
is met, (a) the sample analysis is not limited by solubility; (b) the concentration-to-
volume ratio for the two probes in Equation (4.6) equals 1; and (c) Equation (4.5) 
applies. Hence, Equation (4.6) allows the user to calculate the concentration increase 
required to achieve the maximum S/N enhancement for a given sample mass pre-
pared for a microprobe (as compared to a larger probe). If analyte solubility or other 
restrictions limit the allowed concentration increase, then the final concentration 
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actually achieved (or desired) determines the extent of S/N enhancement attained 
according to Equation (4.6).

It is well known that S/N is proportional to mobs and to the square root of the 
number of scans, such that for a given probe and set of conditions, Equation (4.5) can 
be expanded to

	
S/N
S/Np

mass

mass p
p

p

= S
S

m
m

n n/ 	 (4.7)

where m is the mass of sample in the observe volume, n is the number of acquired 
transients, and the subscript p indicates one condition, as compared to a different 
(nonsubscripted) condition. Equation (4.7) can be interpreted as pertaining to spec-
tral data from two probes of differing sample mass (Smass) and number of transients. 
For the case of an equal mass in both probes, the m/mp term in Equation (4.7) equals 
1. This allows computation of the relative number of scans required to achieve the 
same S/N for a fixed mass placed in two different probes, each with a known Smass. 
Equation (4.7) also indicates that for a constant S/N, n is proportional to 1/Smass

2 for 
a fixed mass, which indicates that an increase in Smass can significantly reduce data-
acquisition time.

Studies have been performed comparing the sensitivity of small microcoils with 
the standard larger NMR probe coils. In one such study by Schlotterbeck et al. [20], 
the mass sensitivity of the Bruker 1-mm TXI microliter probe with a sample in a 
1-mm-diameter capillary tube was shown to be five times greater than a 5-mm con-
ventional TXI probe: The sample used was sucrose in aqueous solution at 600 MHz. 
The small TXI probe also showed a factor of 1.7 enhancement over a 5-mm TXI 
CryoProbe with the sample in a 5-mm tube, and a factor of 1.3 over a 5-mm TXI 
CryoProbe with the sample contained in a 1-mm capillary. These studies were fol-
lowed by the detailed sensitivity analysis of different probes at 600 MHz that was 
published by Olson et al. [10]. Although some data had to be inferred from the lit-
erature, the general results showed that the 1.5-µL CapNMR probe and the 5-mm 
cryoprobe have very similar mass sensitivities, and that these are approximately 10 
times greater than the mass sensitivity of a standard 5-mm probe. The concentration 
sensitivity of the CapNMR probe was found to be approximately 15 times poorer 
than the conventional 5-mm probe.

The concepts and data presented here illustrate how micro-NMR fills a unique 
role in the analysis of mass-limited and volume-limited samples. Due to the consid-
erable reduction in required sample mass and data-acquisition time (number of tran-
sients), or a combination of both, the approach is making a distinct and significant 
contribution to the field of NMR analysis [24]. The relationships derived here are 
useful in guiding the experimentalist toward the selection of optimal NMR probe 
and sample conditions required to obtain quality data.
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5 NMR-Associated 
Isolation Technologies

Hyphenated NMR instruments have evolved to include a number of automated oper-
ation modes for sample collection and detection. These LC-NMR modes consist of, 
but are not limited to, continuous flow, stopped flow, loop collection, and solid-phase 
extraction (SPE) [1]. As noted previously, LC peaks of interest for the NMR trans-
fer require the use of a non-NMR detector. Detection systems such as UV, DAD 
(diode array detector), and MS are compatible with the gradient LC methods that 
are required to keep the eluting peaks as sharp as possible. For flow methods, this is 
critical in preserving NMR sensitivity.

In the initial stages of LC-NMR development, continuous-flow NMR was the 
primary collection mode. With continuous flow LC-NMR, the sample from the chro-
matographic column is guided through a flow cell into a dedicated NMR flow probe. 
The time for one measurement is determined by the chromatographic flow rate and 
is typically between 8 and 20 s. Active flow-cell volumes usually range from 30 to 
120 µL. This approach requires the use of deuterated solvents and solvent suppres-
sion techniques (see Chapter 6) to mediate the dynamic-range effects where the huge 
solvent peaks mask the peaks from the compound of interest.

Continuous flow experiments work most effectively for cases where significant 
amounts of analyte can be isolated from a single chromatographic injection. This 
approach is best suited for compounds that have stability issues and cannot be 
stored for significant periods of time. While there are cases where continuous-flow 
LC-NMR is preferred, this work has been discussed extensively in the initial intro-
duction of LC-NMR (see Chapter 1). Hence this chapter will focus on the robust 
collection modes of stopped flow, loop collection, and SPE that enable full structure 
characterization. In addition, DI-NMR (direct injection NMR) and FIA-NMR (flow 
injection NMR) along with the emerging CE (capillary electrophoresis) isolation in 
conjunction with microflow detection will be explored.

5.1  STOPPED FLOW

Signal-to-noise limitations are a major challenge in many LC-NMR studies. 
Although NMR signal-to-noise ratio (S/N) can be improved by signal averaging, 
this requires the flow to be stopped with the chromatographic peak of interest in the 
flow cell for a substantial period of time. During the stopped period, multiple scans 
of the chromatographic peak’s NMR spectrum may be carried out to achieve an 
acceptable signal-to-noise level.

With stopped-flow analysis, the chromatographically separated sample is ana-
lyzed under static conditions. A compound separated by HPLC is sent directly to the 
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NMR flow cell and is stopped in the NMR flow probe for as long as is needed for 
NMR data acquisition. Stopped flow requires the calibration of the time required for 
the sample to travel from the detector of the HPLC to the NMR flow cell. Timing 
depends upon the flow rate and the length of the tubing connecting the HPLC with 
the NMR spectrometer. Because the chromatographic peak of interest is stopped in 
the flow cell, two-dimensional (2‑D) homonuclear and heteronuclear NMR correla-
tion experiments [2] can be obtained. The time the compound resides in the flow cell 
is under complete control of the spectroscopist.

There are several ways to acquire stopped-flow data. One approach involves 
stopping the chromatographic peaks of interest in the NMR flow probe as they 
elute from the chromatography column. Alternatively, the LC pump may be pro-
grammed to “time slice” through a chromatographic peak, stopping every few 
seconds to acquire a new spectrum. This can be useful for resolving multiple com-
ponents by NMR from within a peak that is not fully resolved chromatographically, 
or for verifying the purity of a chromatographic peak. However, with such mix-
tures, substantial amounts of material are required to obtain interpretable spectra 
in a few scans.

In order to use stopped flow to collect NMR data on a number of chromatographic 
peaks in a series of stops during the chromatographic run without incurring on-col-
umn diffusion, the NMR data for each chromatographic peak must be acquired in a 
short time. It is estimated that 30 min or less are required to prevent diffusion effects 
when more than four peaks need to be analyzed, and less than two hours for the 
analysis of no more than three peaks [3, 4]. The use of commercially available cryo-
probes or cold probes improves the sensitivity of the stopped-flow mode, requiring 
less experiment time or reduced amounts of sample (see Section 4.5, Cryogenically 
Cooled Probes, in Chapter 4).

Stopped flow is preferred when the chromatography produces reasonably well-
separated peaks and the compound is stable in solution for extended periods of time. 
Other methods utilizing the stopped-flow approach involve loop collection or trap-
ping the eluted peaks onto a mini chromatographic column (solid-phase extraction 
cartridge). These methods are discussed in more in the following sections.

5.2  LOOP COLLECTOR

Unlike stopped flow, loop collectors allow separation of the LC and NMR func-
tions. With loop collection, the sample undergoes chromatographic separation, but 
instead of sending the sample directly to the NMR probe, the peaks corresponding 
to individual compounds are trapped and stored on loops comprised of capillary tub-
ing. The separated fractions may be stored in the loops until mobile phase is used to 
send it to the NMR flow cell. After transfer to the probe, the valves divert the mobile 
phase and the HPLC pump is shut off, allowing the transferred sample to remain in 
the NMR probe.

A loop collector may be thought of as a fraction collector; however, instead of 
using collection vials or tubes, the fractions are collected in pressurized loops. 
Although the system can be configured to allow each loop’s contents to be pumped 
into the NMR flow probe, the system can be removed and treated as a separate 
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remote unit. If used off-line with a separate HPLC system, the loops may be filled, 
and then the entire loop assembly can be transferred to the NMR system [5, 6].

The loop volume capacity can be adjusted to a desired size by adjusting the tubing 
length while keeping the diameter fixed. The loop system typically uses multiport 
rotary valves located downstream from the LC detector; hence the LC-detector sig-
nal can be used to activate the valves. The system can be programmed to automati-
cally trap multiple chromatographic peaks in the loops, all under computer control 
(based upon the LC-detector’s signal output).

Loop collectors are useful when lengthy NMR data collection is required or 
when detectable amounts of material may be collected from a single chromato-
graphic injection. In such cases, the isolated compound may be stored in a controlled 
environment without concern of decomposition from solid support or changes with 
respect to light or heat.

A major advantage of loop collection is that this technique avoids possible 
peak contamination that may be experienced with a stopped-flow collection 
mode. For example, if the retention time of two peaks is 0.4 min apart, under 
direct stopped-flow conditions, approximately 20% of the first peak may be car-
ried over to the second peak. With loop storage trapping, however, the two peaks 
remain pure.

A disadvantage of loop collection in LC-NMR is matching solvent composition. 
If solvent composition in the loop is significantly different from the mobile-phase 
solvent that pushes the loop’s contents into the NMR probe, magnetic-susceptibility 
mismatches between the two solvent mixtures will result, causing shimming prob-
lems and broad lines. Possible solutions involve adjusting the loop volume to be larger 
relative to the flow-cell volume to displace a different mobile phase. Alternatively, 
one may attempt to match the mobile phase with that of the solvent composition 
in the loop. However, this can be difficult to achieve. Another disadvantage is the 
apparent dilution of peaks stored in loops when switching to elution. The dead vol-
ume introduced by capillary connections exacerbates the problem. Hence loop col-
lection combined with flow NMR would not be ideal for trapped samples having 
relatively low concentrations.

5.3  SOLID-PHASE EXTRACTION (SPE)

A major development in the field of hyphenated techniques is the use of a solid-phase 
extraction (SPE) system as an interface between liquid chromatography (LC) and 
NMR. SPE combined with LC provides a system that enables peak collection of an 
analyte on a cartridge. As a compound is eluted from an HPLC column, it may be 
diverted and trapped on an SPE cartridge. The peak selection is typically done either 
by UV detection or by evaluation of MS spectra.

The integration of SPE with flow-injection NMR (FI-NMR) was first demon-
strated by Griffiths and Horton [7], followed by Brinkman in 1998 [8]. Subsequently, 
numerous reports on the use of SPE-NMR have appeared in the literature [9–20]. For 
SPE, the trapping process involves adding water via a makeup pump to the mobile 
phase as it elutes from the LC column (when reverse-phase HPLC is used). Elution 
from the cartridge can occur via a separate pump to dispense stronger solvents 
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that can transfer the analyte from the SPE cartridge. This process is illustrated in 
Figure 5.1.

The SPE-NMR hardware may be viewed as similar to a loop collector with the 
exception that an SPE cartridge is inserted into the flow path. A makeup pump intro-
duces water to the mobile phase as it leaves the LC column and enters the SPE car-
tridge. This enables retention of the analyte on the cartridge. The SPE cartridge may 
be interfaced with an NMR flow probe to allow the sample to be directed into a flow 
cell for NMR detection. A separate pump is used to transfer the deuterated solvent 
that elutes the analytes from the SPE cartridges through the capillary tubing directly 
into the NMR flow probe. In such cases, the eluting solvent is usually deuterated 
acetonitrile or methanol (CD3CN or CD3OD). The deuterated solvent provides a lock 
signal to prevent the frequencies from drifting during NMR data acquisition and to 
address a dynamic-range issue resulting from large proteosolvent peaks. The deuter-
ated solvents may be stored over a stream of dry nitrogen gas to prevent absorption 
of water from the atmosphere. A stream of dry nitrogen gas is also used to dry the 
cartridges prior to eluting into the NMR probe with deuterated solvent. This drying 
will further reduce the large signal contribution from proteosolvents such as residual 
water and acetonitrile. Although large solvent peaks can be reduced using solvent-
suppression pulse sequences, critical peaks from the sample may also be suppressed, 
thereby compromising structural analysis. Hence minimization of proteosolvents 
from the NMR sample is good common practice.

Cartridge
wash

H2O

600 MHz

SPE in LC-NMR

Sample

Water and
ACN or MeOH

Water addition

Solvents
salts

bu�ers

Dry and
transfer into
probe
Deuterated
solvents

FIGURE 5.1  Illustration of the interface of liquid chromatography (LC) and solid-phase 
extraction (SPE) with NMR spectroscopy. Compound can be incrementally added to a car-
tridge. The cartridge can then be washed, dried with nitrogen gas, and the compound eluted 
from the cartridge with deuterated solvent.
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An important consideration with flow NMR is that the sample in the flow cell 
maintains uniform magnetic susceptibility. To achieve this, solvents in the sample 
must be homogeneous. If a solvent gradient exists across a sample, the lineshape of 
the NMR signal will become broad. One advantage of the SPE method is that the 
analyte is dissolved in a single homogeneous deuterated solvent that transfers the 
compound as a concentrated fraction, thereby eliminating the magnetic susceptibil-
ity problem. Hence SPE-NMR can successfully be used to concentrate and spec-
trally characterize compounds that may elute as broad chromatographic peaks with 
long retention times [16].

SPE also offers an advantage with respect to the integration of NMR and MS 
technologies. In particular, finding a solvent system that is compatible with both the 
gradient profile and columns used in the separation protocols for NMR and MS can 
be difficult. Additionally, the use of deuterated solvents that are desired in NMR 
analysis create problems in the MS analysis, where the analyte is subject to hydro-
gen-deuterium exchange, resulting in a shift of one mass unit for every exchangeable 
hydrogen. With SPE, all chromatography may be performed using conditions com-
patible with MS analysis and without the need for deuterated solvents [21].

An additional attraction of SPE-NMR is that multiple trapping is possible. 
Although both the loop collector and SPE have the chromatographic step performed 
separately from the NMR analysis, the SPE system can trap peaks from multiple 
injections, allowing a single compound to be built up on a specified cartridge. This 
enhances the concentration of material in the flow cell and can be effectively used 
to trap impurities or low-level metabolites. Concentration in the 0.1% range relative 
to the major analyte may be isolated on an SPE cartridge with proteosolvents, dried, 
and then eluted from the cartridge with deuterated solvents. Full spectral character-
ization may then be possible on the sample once sufficient concentration is obtained 
[9, 14].

It should be noted that since an SPE cartridge may be viewed as a “mini storage 
column,” one can consider the resulting elution step of SPE-NMR as just another 
form of chromatography, where the sample stored on the SPE column may be 
eluted into a capillary tube for NMR evaluation or into a vial. Samples from SPE-
NMR studies can also be recovered from an NMR flow probe at the end of the 
NMR analysis by blowing it out of the probe into a vial or tube with nitrogen 
gas. Multiple collected samples may then be combined, dried, and taken up in an 
alternative deuterated solvent for further evaluation under the control of the user. 
Hence low concentrations due to limited on-column loading are eliminated with 
SPE [10].

For samples where the quantity is limited, it is advantageous to increase the con-
centration by limiting the amount of solvent in which the compound is dissolved. 
Hence the SPE elution volume may be adjusted to fill a range of NMR tube sizes. If 
a normal 5-mm tube is used, however, the volume cannot be less than about 500 µL 
without causing serious lineshape problems (shimming problems) and the reduction 
of S/N. However there are special tubes made by Shigemi that can be used to restrict 
the active volume and reduce the amount of solvent without causing lineshape prob-
lems. Shigemi tubes matched to particular solvents are commercially available.
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While the SPE system offers a tremendous advantage in building sample con-
centration, retention on specific cartridge types is compound dependent. Finding 
a cartridge with the appropriate solid support for a particular compound or system 
type needs to be performed for each new compound. For small organic compounds 
found in pharmaceutical research, C18 and general purpose (GP) resin cartridges 
are a good starting point. Often very low levels of degradants and impurities may 
be evaluated indirectly through examination of the retention properties of parent 
compounds with similar structural features. Method-development cartridge trays are 
commercially available for this purpose. Some typical SPE cartridge support sys-
tems used in method-development studies are given in Table 5.1.

In summary, the major advantages of SPE-NMR are as follows:

•	 Chromatographic separation can be done with inexpensive nondeuterated 
solvents or with additives that are not compatible with NMR spectroscopy.

TABLE 5.1
SPE Cartridge Selection for Method Development

MM anion

MM cation

Resin SH

Resin GP

C18-HD

C8-EC-SE

C2-SE

CN-SE 7 µm CH2

CH2

CH2

CN
3

7

CH2

CH3

CH3

CH3

CH3

CH3

CH3

17

Si

Si

Si

Si

7 µm

7 µm

10–12 µm

25–35 µm

Polymeric-based
mixed-mode exchangers

Polymeric-based
mixed-mode exchangers

25–35 µm

10–12 µm

8 µm

Type HySphere Size Structure
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•	 Because no D2O is used in the eluent, no H-D exchange occurs during 
the chromatographic process, which could result in elimination of critical 
exchangeable protons needed for structure elucidation.

•	 Only small amounts (approx. 300 µL) of deuterated solvents are required 
for the transfer.

•	 The complete sample can be eluted in a small volume (<30 µL) of liquid 
from the SPE cartridge. Due to this concentration effect, a substantial 
increase in sensitivity by a factor of two to four is observed, especially for 
broader peaks.

•	 By multiple collections from subsequent chromatographic separations of 
the same sample, the amount and concentration can be further increased, 
improving the sensitivity by a factor of 10 or more.

•	 The deuterated solvent that is used for the elution and transfer is inde-
pendent of the chromatographic conditions and can be selected to 
improve spectral quality and make exchangeable protons observable in 
the NMR.

•	 The compatibility of integration of LC-NMR and LC-MS is enhanced with 
the addition of SPE.

•	 The solid-phase extraction system may be run under automated conditions. 
NMR flow probes with the detection volume adapted to the small volume of 
the peaks eluted from the cartridges may be interfaced with the SPE system.

5.4  NONCHROMATOGRAPHIC FLOW NMR

In the previous sections, different modes of sample collection in LC-NMR were 
discussed, each having different capabilities and advantages. This section will cover 
two new types of nonchromatographic flow NMR. They are FIA-NMR (flow injec-
tion analysis NMR) and DI-NMR (direct injection NMR).

As the need for improved efficiency and productivity increases, there is an 
increased demand for automated high-resolution NMR spectroscopy that can move 
the samples to be analyzed in and out of the NMR probe in a fast and reliable man-
ner. Although tube-based NMR relies on mechanical robots to move traditional pre-
cision glass sample tubes in and out of the magnet under automation, such systems 
are not as rapid as may be required for high-volume throughput. Hence there is an 
ever-increasing need for improved speed and reliability at a reduced cost.

Flow-injection analysis NMR (FIA-NMR) is a method that may be viewed as 
LC-NMR without a chromatography column. One way to classify LC-NMR is 
to view HPLC as simply a sample delivery system for an NMR spectrometer. In 
LC-NMR, one begins with a mixture of compounds, and the liquid chromatogra-
phy step separates the compounds before they are passed into the NMR flow cell. 
Alternatively, it is possible to analyze the samples intact and already separated, hence 
without the chromatography column. If the chromatography column is removed and 
everything else remains unchanged (i.e., the pump, injector, mobile phase, connec-
tive tubing, flow probe, and UV detector), a sample can be injected into the system 
and transported by the mobile phase into the NMR probe. Stopped-flow LC-NMR 
may then be implemented to retain the sample in the NMR probe. The pump can 
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be triggered off (which stops the mobile phase, and hence the sample transport) in 
two different ways. The first involves using a signal from the UV detector to stop 
the sample in the flow cell after a calibrated delay, where the UV detector registers 
a peak maximum as in LC-NMR. The second transport method involves simply 
calibrating the delay time (from the injector port to the probe) as a function of the 
rate of solvent flow. When the delay times are properly calibrated, the maximum 
concentration of the injected sample plug can be stopped reproducibly inside the 
NMR flow cell. This concept was initially termed columnless LC-NMR but later was 
named flow-injection analysis NMR (FIA-NMR). The sample delivery system was 
first demonstrated in 1997 by Keifer and coworkers [22–25]. A typical delay time 
(from the injector port to the probe) was calibrated at 10–20 s. FIA was found to be a 
fast and easy way to automate the movement of samples in and out of an NMR probe.

A more detailed (complete) description of FIA-NMR was published in 2003 [26]. 
FIA-NMR was shown to be especially useful for repetitive analyses. Sample vol-
umes of 20–200 µL could be injected with very good reproducibility on an analyti-
cal scale. The relative standard deviation of the peak integrals was 1.38% for fifteen 
duplicate injections; it was 0.38% for fifteen repetitions of the same static sample left 
in the probe. Although a minimum-detectable sample size was not determined, the 
study did show that 20 µg sample-injection amounts could be easily detected with 
1-min acquisition time. Data were acquired using a mobile phase of CH3CN-D2O 
(50:50) to transport the samples into the probe. WET solvent suppression was used; 
hence nondeuterated acetonitrile could be used. The FIA analysis showed that the 
mobile phases do not need to be deuterated when WET is used, although it has been 
generally found that when using capillary systems, the cost of using deuterated sol-
vent is minimal; hence the improved spectra justify the cost.

One goal for FIA-NMR was the ability to perform analyses rapidly (high through-
put). There are three requirements that need to be taken into account to accomplish 
this. First, the samples need to be rapidly transported from the injector port into the 
NMR probe. Second, good sensitivity from the NMR probe is required to allow the 
total NMR acquisition time to be short. And third, the sample needs to be removed 
from the probe with a rinse cycle to remove all traces of the sample before the next 
sample is introduced. The FIA-NMR system easily meets the second requirement 
by being able to detect 20 µg (injected) sample quantities [26]. One study, however, 
suggested that up to 140–840 µg of injected material might be needed for routine 
evaluation [27]. In contrast, when a capillary NMR flow probe (1–5-µL detection 
volume) is used for FIA-NMR instead of a standard flow probe (typically a 60-µL 
detection volume), the detection limits can be reduced significantly (easily to the 
range of 10 µg) [28].

The quality with which FIA-NMR meets the first requirement (moving the sam-
ple from the injector port into the NMR probe quickly) depends on the solvent flow 
properties [26]. For pumping speeds of 4.0 mL/min, the sample can be mechanically 
moved into the probe in 6–8 s (depending on the length of the capillary transfer line); 
however, once inside the probe, it may take approximately 2 min for the NMR signal 
to fully stabilize. In addition, the NMR peak heights may be less reproducible. In 
contrast, when pumping speeds are reduced to 0.25 mL/min, the mechanical trans-
fer takes much longer (≈1.5 min), and an additional stabilization time of ≈1.5 min is 
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needed. Hence a total of 3 min from injection to the start of acquisition is required. 
The advantage of slower flow rates is that the peak heights are most reproducible 
under these conditions. Data from intermediate flow rates verify these trends: that 
the fastest flow rates (4.0 mL/min) allow faster initiation of NMR data acquisition. 
(Even though the stabilization time is then the longest, the reduced pumping time 
more than compensates for that delay.) However, the slowest flow rates provide the 
most reproducible (quantitative) NMR data.

For cases where quantification is not needed, one could start the NMR acquisition 
earlier, but it still requires 1–2 min to transfer and stabilize the sample. This is still 
a time savings over mechanical tube-based sample changers, which change samples 
at a slower rate, and which also require additional time to then lock and shim the 
sample—activities that take no additional time in FIA-NMR [26]. In comparison 
with LC-NMR, however, it has been observed that the time needed to stabilize an 
injected-plug sample in FIA-NMR is longer than the stabilization time needed for an 
LC-NMR sample. This presumably is because an LC-NMR sample has a Gaussian 
distribution of concentration at the trailing and leading ends of the sample plug, 
whereas an injected plug sample has a more discontinuous interface of mobile phase 
at the sample edges.

The requirement that one remove the sample from the probe as quickly as pos-
sible is the most variable parameter in FIA-NMR. It depends in part on how much 
carryover from sample to sample can be tolerated. Carryover is a critical concern in 
FIA-NMR, unlike a mechanical tube-based sample changer, where this is absolutely 
0%. To achieve approximately 0.1% carryover, it was found that the process required 
0.5 min at a flow rate of 4.0 mL/min (2 mL total solvent consumed) and 4.0 min at 
0.25 mL/min (1 mL total solvent consumed). Although flushing out is faster at 4.0 
mL/min, flushing at 0.25 mL/min uses less solvent, which may be more important if 
a deuterated mobile phase is used. Deuterated solvent is recommended when possi-
ble to avoid NMR solvent suppression and achieve a generally cleaner spectrum [26]. 
Many additional reports on the use of flow injection NMR [29–31] have appeared 
following the original report in 1997 [23]. Many of these applications fall under the 
category of direct-injection NMR (DI-NMR).

5.5  DIRECT-INJECTION NMR (DI-NMR)

DI-NMR is sometimes viewed as a simplified version of FIA-NMR. However, 
in practice, the two sample delivery systems are mechanically very different. In 
DI-NMR, the pump is simplified, and the mobile phase is removed along with any 
detectors. This gives rise to the simplest possible flow-NMR system. DI-NMR injects 
the sample directly into the NMR flow probe, and the whole injection process is then 
driven by automation. In fact, the NMR flow probe may be viewed as a sample loop 
for the injector port of an automated injector. Because DI-NMR does not require a 
mobile phase, only the solvent in which the sample is dissolved is used. Hence an 
additional reservoir of solvent is used either to rinse the NMR flow cell and transfer 
lines, or to hydraulically push the sample into the flow cell, or both. The first demon-
strations of DI-NMR were published starting in 1997 by Keifer et al. [22–25], where 
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the technique was compared and contrasted with FIA-NMR. This was followed by a 
full description and evaluation of the technology [32].

The driving force in developing DI-NMR was the desire to do automated NMR 
faster and better. Experience with LC-NMR and FIA-NMR had shown that flow 
NMR had several advantages over traditional tube-based automation in terms of 
speed and economy. In flow NMR, no additional time was needed to lock or shim 
each sample (assuming the solvent composition was kept constant). Deuterated sol-
vents were not required because of the efficiency of WET solvent suppression, and 
because locking the sample was not necessary due to programmed frequency reg-
istration (Scout-Scan) [32]. A major need for high-throughput NMR resulted from 
combinatorial chemistry and parallel syntheses libraries, since a high volume of 
samples was being either stored or synthesized in microtiter plates, and automated 
liquid handlers could inject aliquots from those microtiter plates into standard injec-
tor ports. Direct injection also eliminated the breakage or cleaning of costly glass 
sample NMR tubes.

Combinatorial chemistry provided an ideal justification for the development 
of DI-NMR because such synthetic endeavors produce thousands of samples, all 
dissolved in similar concentrations, normally in a common (uniform) solvent, and 
all stored in microtiter plates. Usually such sets of compounds had similar struc-
tural scaffolds; hence all that was needed was a 1H-NMR spectrum to identify a 
probably known structure or to verify purity. With such studies, the spectrum had 
to be obtained in a rapid manner and at a low cost. Because it was necessary to 
repeat the same NMR experiment thousands of times with minimal human inter-
vention, a major improvement in the data-collection process became imperative. 
DI-NMR was a system that could address the need for rapid and efficient scanning 
at low cost.

A report on the application of DI-NMR [32] analyzed combinatorial-chemistry 
samples stored in (septum covered) 96-well microtiter plates, all dissolved in either 
DMSO-d6 or DMSO-h6, at a concentration of either 25 or 2.5 µM. The volume of 
injected sample solution was 350 µL. A Gilson 215 liquids handler was interfaced 
to the NMR spectrometer, and, under NMR control, one sample was withdrawn 
from a well in the microtiter plate and injected, via an injector port and a transfer 
line, into the NMR flow cell (in the probe in the magnet) using the syringe pump 
on the Gilson. Under instrument-controlled software, the Gilson then triggered the 
NMR to acquire an NMR spectrum (a 32-scan 1-min acquisition). When the NMR 
acquisition was complete, the NMR sent a signal back to the liquids handler, which 
withdrew the sample (using a synchronized source of air backpressure) and returned 
it to the original well of the microtiter plate (or a designated location). The syringe 
pump then was used to rinse the NMR flow cell by a similar out-and-back motion 
with an aliquot of clean solvent. The original report showed that the data acquired 
on samples dissolved in DMSO-h6 can be almost as good as the data acquired on 
the samples dissolved in DMSO-d6. It also showed several ways to display and ana-
lyze the NMR data acquired on a library of compounds stored in a 96-well plate. 
Discussion of the various possible ways to get quality-control information for the 
fluidic injection process involved using either the Scout-Scan data or signals from an 
internal standard [32].
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Another significant way that DI-NMR differs from both LC-NMR and FIA-NMR 
is that the flow cell is empty of solvent when the sample is injected. This allows 
the DI-NMR user to acquire the highest possible sensitivity on the sample and also 
allows the sample to be recovered in an unaltered (undiluted) state. This does, how-
ever, require the DI-NMR user to inject at least a certain minimum sample volume in 
order to acquire an acceptable NMR spectrum. In common practice, this minimum 
sample volume is about 150 µL for standard 60-μL observe-volume flow cells, but 
it can be as low as 2 µL for a 0.5-μL observe-volume capillary flow cell [33]. If this 
minimum volume (which depends on the volume of the flow cell) is not met, the 
flow cell will contain air, which will destroy the NMR lineshape, and because there 
is no solvent mixing in DI-NMR, the volume difference cannot be made up with a 
push solvent. The different fluid behavior of DI-NMR as compared with FIA-NMR 
influences many performance aspects of the analysis, such as carryover, detection 
efficiency, recovery efficiency, and speed. The major disadvantage of DI-NMR (not 
encountered with FIA-NMR) is the possibility that the tubing in the system could 
become clogged with particulate matter if unfiltered samples are injected.

For both FIA-NMR and DI-NMR, sample contamination from carryover or 
clogged capillaries represents particular disadvantages in a controlled industrial 
environment, where sample identity and purity need to be documented for regulatory 
purposes. Hence these technologies would be more amenable for implementation in 
an industrial or academic research environment.

5.5.1 A pplications of DI-NMR

Following the introduction of DI-NMR, NMR vendors (Bruker and Varian/Agilent) 
proceeded to the commercialization of the technique. This resulted in numerous 
reports of DI-NMR applications. These applications could be classified as one of 
three general categories, all of which utilize repetitive analyses. The studies typi-
cally employed use of one-dimensional (1‑D) 1H-NMR spectra, although cases of 
2‑D applications were also reported.

The categories were as follows:

	 1.	The analysis of libraries of relatively pure organic compounds. These may 
include synthetically prepared libraries or commercially purchased screen-
ing libraries.

	 2.	The analysis of biofluids (urine, plasma, etc.). This is an application that 
ultimately leads to the analysis of samples for clinical diagnoses.

	 3.	The study of biomolecules. This most commonly uses (1H15N) HSQC (het-
eronuclear multiple-quantum coherence) to analyze combinations of ligands 
and 15N-labeled receptors (proteins) to either study binding properties or to 
screen ligands for binding affinities.

Although the DI-NMR technology was adopted and heavily used in private indus-
try (primarily the pharmaceutical industry), much of the work was proprietary and 
not subject to publication. Therefore, the extensive and widespread use of this tech-
nology is not accurately reflected from literature reports. Some reported applications 
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include those of Spraul et al. [34], who used DI-NMR to screen rat urine. Others used 
DI-NMR to study ligand binding to a biomolecule [35] or to analyze combinatorial-
chemistry libraries [36]. Additional demonstrations of the utility of DI-NMR to ana-
lyze compound libraries were published by Combs and coworkers [37] and Lewis 
and coworkers [38], and numerous studies with natural-product libraries were also 
reported [39–42].

A key example of DI-NMR was reported by Eldridge and coworkers [39]. These 
researchers described a high-throughput application involving the production, analy-
sis, and characterization of libraries of natural products. The study was conducted for 
the purpose of accelerating the drug discovery process for high-throughput screen-
ing in the pharmaceutical and biotechnology industries. Compound libraries were 
generated using automated flash chromatography, solid-phase extraction, filtration, 
and high-throughput preparative liquid chromatography. The libraries were prepared 
in 96- or 384-well plates and consisted of purified fractions with approximately one 
to five compounds per well. Libraries were analyzed by a high-throughput parallel 
liquid chromatography–evaporative light scattering detection–mass spectrometry 
system to determine the molecular weight, number, and quantity of compounds in a 
fraction. The compounds were subsequently subjected to biological screening, and 
active fractions were further purified at the microgram level to confirm individual 
activity. Purified compounds were elucidated by NMR spectroscopy utilizing a 
microcoil probe. A syringe pump operating at 5 µL/min pushed the sample to the 
microcoil probe in 2.5 min and parked the sample inside the probe. After the acqui-
sition was completed, the sample was collected in recovery vials. Sample loading 
was done in 3 µL with 5–50-µg quantities. One-dimensional 1H-NMR spectra were 
generated on isolated compounds of 5–50 µg.

Studies by Kautz and coworkers [33] described an automated system for loading 
samples into a microcoil NMR probe using a segmented flow analysis system. This 
approach yielded a twofold increase in the throughput of DI-NMR and FIA-NMR 
methods. Sample utilization was reduced threefold. Sample volumes of 2 µL (10–30 
mM, ≈10 µg) were drawn from a 96-well microtiter plate by a sample handler, then 
pumped to a 0.5-µL microcoil NMR probe. These samples were set up as a queue of 
closely spaced “plugs” containing sample in DMSO-d6 separated by an immiscible 
fluorocarbon fluid. Individual sample plugs were detected by their NMR signal and 
automatically positioned for stopped-flow data acquisition. The sample in the NMR 
coil could be changed within 35 s by advancing the queue. The fluorocarbon liquid 
wetted the wall of the Teflon transfer line and prevented the DMSO samples from 
contacting the capillary wall. The fluorocarbon coating reduced sample losses to 
below 5%. A wash plug of solvent between samples reduced sample-to-sample car-
ryover by <1%. Significantly, the samples did not disperse into the carrier liquid dur-
ing loading or during acquisitions of several days for trace analysis, thereby allowing 
extended 2‑D studies to be conducted. For automated high-throughput analysis using 
a 16-s acquisition time, spectra were recorded at a rate of 1.5 min/sample, and total 
deuterated solvent consumption was <0.5 mL per 96-well plate [33].

Additional publications on the use of DI-NMR for the analysis of biomole-
cules and the screening of binding were published [30, 31, 43, 44]. Stockman et 
al. [31] reported using DI-NMR in a pharmaceutical-lead-like protein-screening 
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application. In this study, samples were prepared for analysis by adding sufficient 
protein to each well of the 96-well library plate to give a 1:1 (protein:ligand) ratio 
at a concentration of approximately 50 µM. The total volume in each well was 350 
µL in order to provide a 300-µL injection volume. Homogeneous sample disper-
sion throughout the well was facilitated by agitating the plate on a flatbed shaker. 
Screening allowed a good 1‑D 1H-NMR spectrum to be acquired in about 10 min. 
This concentration of target and small molecule required identified ligands to have 
affinities on the order of ≈200 µM or tighter. Once the screening plate was pre-
pared, a Gilson liquid sample handler transferred samples from 96-well plates into 
the flow-injection probe. The system could be programmed to return the samples 
back into either the original 96-well plate or a new plate. Once the sample was in 
the magnet, changes in chemical shifts, relaxation properties, or diffusion prop-
erties were recorded. The reported NMR screening assay consisted of two 1‑D 
relaxation-edited 1H-NMR spectra: one spectrum was collected on the ligand mix-
ture in the presence of protein, and the second, control spectrum was collected on 
the ligand mixture in the absence of protein. Ligands were identified as binding 
to a target based upon a reduction in signal when compared to a relaxation-edited 
spectrum collected in the absence of protein.

Demonstrations of the use of DI-NMR to study biofluids were published by sev-
eral different investigators [45–46]. Potts and coworkers [46] reported on the ability 
of DI-NMR to measure metabolic responses to toxic insult as expressed in altered 
urine composition. Interpretation of NMR data relied upon comparison with a data-
base of proton NMR spectra of urine collected from both control and treated ani-
mals. Pattern-recognition techniques, such as principal component analysis (PCA), 
were used to establish whether the spectral data cluster according to a dose response. 
Studies were also conducted to determine the impact that NMR-related variables 
might impart on the data. The study on NMR variables focused on solvent-sup-
pression methods, as well as instrument-to-instrument variability, including field 
strength. The magnitude of the NMR-induced variability was assessed in the pres-
ence of an established response to the nephrotoxin bromoethanamine. The results 
showed that toxin-induced changes were larger and easily distinguished from those 
caused by using different solvent suppression methods and field strengths.

DI-NMR has also been used to analyze foods such as olive oils and other food 
oils [47, 48]. Even beverages such as beer have been analyzed with flow injection 
NMR. Lachenmeier et al. [29] have used high-resolution nuclear magnetic resonance 
for the quality control and authenticity assessment of beer in official food control. 
Measurements were performed using a 400-MHz NMR spectrometer with flow-
injection technology to change samples. The beer samples were degassed and buffer 
pH 5.6 in D2O was added containing 0.1% TSP for referencing. Differences in the 
spectral profiles of beers varying in type and origin were studied by principal com-
ponent analysis (PCA), evaluating the spectral characteristic fingerprint. The high 
throughput afforded by the flow-injection system allowed a comprehensive database 
of beer spectra for PCA classification to be established efficiently. Beers made with 
barley malt could be distinguished from those made with wheat malt. Beers were 
clustered based upon their brewing sites and quality. Using the partial least squares 
(PLS) method to correlate NMR spectra, the ethanol and lactic acid content were 
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established. The summary of all of this work proved that DI-NMR is a useful tech-
nology for automatic NMR evaluation. Extension of this technology to food chemis-
try illustrates the range of applications.

5.5.2  Comparisons

FIA-NMR and DI-NMR have both proven to be useful, but they have different 
strengths and weaknesses when compared with each other as well as when com-
pared with other flow-NMR techniques like LC-NMR. For example, LC-NMR is 
appropriate whenever chromatographic separations are needed, but it tends to be 
time consuming. DI-NMR is appropriate if maximum sensitivity is required, or if 
the sample needs to be recovered, or if there is a sufficient sample volume, and if the 
sample contains no sediment. FIA-NMR is appropriate when carryover needs to be 
minimized or if the sample does not need to be recovered intact, and if a wider range 
of smaller sample volumes must be analyzed. Clearly, each technique has its own set 
of advantages and disadvantages, and should be appropriately used, depending upon 
the application.

5.6  CAPILLARY ELECTROPHORESIS AND NMR

As noted previously, the integration of capillary electrophoresis and NMR, termed 
CE-NMR, is an important separation technology whose integration with NMR is 
still in the early stages of development and optimization [49–52]. Because of the 
low-mass sample requirements and high separation efficiencies as well as rapid sepa-
rations, CE appears to be an attractive means of separating micro amounts of com-
pounds. When combined with NMR, CE-NMR offers the possibility of combining 
the powerful separation capability of CE and the superior detection and structure 
elucidation of NMR.

5.6.1 � Modes of Electrophoresis-NMR and Effects 
on NMR Spectral Properties

With NMR, magnetic objects must be kept a safe distance from the magnet, depend-
ing on the magnetic field strength and the shielding properties of the magnet. 
However, initial studies showed that NMR microcoil probes can be coupled to a 
capillary CE system with no major modification to CE instrumentation. In fact, for 
CE-NMR studies, the solenoidal microcoil was either wrapped around the sample 
capillary or the capillary was housed inside a saddle coil. For solenoidal coils, how-
ever, magnetic-susceptibility effects will degrade lineshapes and S/N when thinner-
walled capillaries are used as the coil comes into closer contact with the sample.

The initial noncommercial solenoidal coils used in CE-NMR had an axis 
orthogonal to the static magnetic field (B0) and were reported to form the most 
mass-sensitive RF (radio frequency) coils. However, in this configuration, the elec-
trophoretic current induces a second local magnetic-field gradient that perturbs 
the magnetic-field homogeneity. The strength of this induced magnetic field is 
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related to the electrophoretic current and the radial distance from the center of 
the capillary. Any magnetic-field inhomogeneity resulting from a CE effect is dif-
ficult to restore by the shimming procedures normally employed in NMR to restore 
magnetic-field homogeneity. The effect of induced magnetic-field gradient leads to 
broader NMR lines, loss of scalar coupling, and poor S/N. The scalar coupling of 
resonance signals has been shown to degrade with high-field magnetic gradients 
created with increasing current [53]. A significant loss of S/N and increase in reso-
nance linewidth were also found to occur at higher voltages. For example, a voltage 
increase from 0 to 8 kV was found to increase linewidths from 1.5 to 15 Hz and 
decrease S/N from 147 to 19 [54].

A solution to address the current-induced thermal and magnetic field gradient 
effects involved employing a form of stopped-flow experiment. This technique has 
the advantage of allowing both 1‑D and 2‑D NMR experiments to be performed. An 
alternative technique that acquires NMR spectra under voltage-dormant conditions 
was also reported [54]. In this method, once the analyte reaches the NMR microcoil 
observe region, the voltage is periodically interrupted, and 1-min high-resolution 
NMR spectra with good S/N are acquired for every 15 s of applied voltage. A draw-
back of this approach, however, is that the termination of voltage can adversely affect 
the separation efficiency and reduce peak resolution due to diffusion over the longer 
period of the experiment.

A novel CE-NMR instrument with a dual microcoil probe to record continuous-
flow NMR data under stopped-flow conditions has been reported [53]. The dual-coil 
probe was constructed by wrapping two separate coils around two separate outlet 
capillaries. The outlet capillaries were connected to a separation capillary through 
a capillary splitter. In this study, CE-NMR experiments were performed with one 
outlet capillary while keeping the second capillary as an open circuit. A series of 
NMR spectra were obtained by alternating electrophoretic flow between the two 
coils. The severe line broadening induced by current was eliminated because, with 
the described instrumentation, only the NMR spectra of the sample in the floating 
capillary at 0.0 µA were obtained.

The best NMR sensitivity for analytes was reported using a saddle-coil probe 
when the coil axis is oriented parallel to the external magnetic field. In this case, 
the electrophoretic current-induced magnetic field does not contribute to magnetic 
field inhomogeneity along the z-axis. Hence high-resolution NMR spectra with 
similar S/N were obtained even when varying electrophoretic currents over a range 
from 0 applied voltage to 20 kV, 36 µA [49]. A slight chemical shift change was 
observed that was attributed to Joule heating at higher voltages. Hence with sad-
dle NMR probes, the absence of current-induced magnetic fields permits on-flow 
CE-NMR experiments to be performed unencumbered by severe spectral line-
broadening effects.

A significant challenge with CE-NMR is that the rate of migration of each analyte 
band in CE depends upon intrinsic electrophoretic mobility; hence each band moves 
past the detector at a different rate. These differential migration rates can influence 
the NMR signal intensity and linewidth of each compound. By using high surface-
area to volume ratio in capillary electrophoresis (ID ≤ 100 µm), Joule heat may be 
effectively dissipated, thereby allowing voltages as high as 30 kV to be used. The 
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high voltages were important because they enabled faster separations. Because NMR 
is an insensitive technology compared to other detectors, CE-NMR often requires 
capillaries with a diameter of 75–200 µm to enhance the NMR active volume and 
hence signal intensity. However, an increase in the internal diameter will decrease 
the ratio of surface area to volume. For example, increasing the ID from 75 to 200 
µm would result in a 50% decrease in the ratio of surface area to volume [55]. The 
inability to dissipate heat effectively with larger capillaries can lead to Joule heating, 
which will cause chemical shift changes, particularly with respect to exchangeable 
protons [56, 57]. This in turn complicates the interpretation of NMR data.

There is a complex dependence of flow rate, electric field, and current on the 
observed NMR signal intensities. High flow rates reduce the effective T1, allowing 
faster pulse repetition and improved sensitivity by replacing the sample volume 
for each acquisition so that the signal is not saturated. However, this can also 
increase the observed linewidths. In addition, the electrophoretic current induces 
an internal magnetic field, and the resulting field gradient may perturb the NMR 
measurement. To add to the complications, the high electric field can partially 
align large molecules, and Joule heating affects the diffusion rates and electropho-
retic mobilities.

Hence from a practical standpoint, in order to improve the utility of this approach 
further, the areas needing refinements must address poor concentration, limited 
dynamic range and hence sensitivity, and the broad linewidths.

By optimizing coil geometry and the use of uniformly wound microcoils, the 
line broadening due to susceptibility variations in the local region of the sample 
may be minimized. However, due to the limited residence time of a nucleus in the 
NMR microcoil, spin-spin relaxation, T2, is reduced, and the minimum linewidth is 
increased to just over 1 Hz under typical electrophoretic flow conditions. Hence a 
major obstacle to improving the sensitivity of the NMR detection is the limited time 
available to observe the sample, since a typical sample residence time less than 10 s. 
Only a few scans may be obtained in the NMR data acquisition due to the relatively 
long T1s of the sample. One way to compensate for this is to decrease the analyte 
migration rate by decreasing the voltage across the observation window. Hence the 
analyte residence can be increased and more NMR transients can be acquired.

A number of on-line CE injection methods have been reported that concentrate 
the sample as it is introduced to the capillary [58–60]. These methods extend the 
useful sample concentration range. To improve the concentration LOD (limits of 
detection), the noise introduced by the RF coil needs to be greatly reduced. This 
may be achieved by using lower resistance coil materials in probe construction. 
Continuous refinements in probe design are expected to decrease the LOD of the 
CE-NMR technique.

5.6.2 N MR Observe Volume

Analyte peaks in CE typically contain low nanoliter volumes. High-resolution CE 
electropherograms and NMR spectra can be obtained using nanoliter observe vol-
umes; however, the obtainable NMR sensitivity often precludes the use of such small 
NMR active volumes. Nonetheless, CE-NMR experiments have been successfully 
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performed with microcoil observe volumes as small as 5 nL [54, 61]. A high filling 
factor is one of the advantages of using microcoils directly wrapped on a CE capil-
lary. However, this configuration excludes the ability to change the observe volume. 
This problem was addressed with the construction of a “sleeve probe” in which the 
solenoidal coil is wrapped around a polyimide sleeve that can accommodate differ-
ent sizes of CE capillaries [62]. High-resolution spectra with linewidths of 1–2 Hz 
were obtained with this new probe configuration.

As noted previously, a saddle-coil NMR probe enables CE-NMR data to be 
recorded in a continuous-flow mode unencumbered by magnetic-susceptibility-
induced line-broadening effects. However, difficulty arises in the construction of 
microprobes with saddle coils, and they typically tend to be larger than solenoids, 
although a 2.5-µL saddle-coil probe for static samples has been reported [63]. 
However, insets for larger volume saddle coils are available, and the effective flow-
cell volumes tend to range from approximately 250 to 400 nL [49, 64].

The use of capillary isotachophoresis (cITP) as a separation technology has 
been noted previously. However, this technology also serves to concentrate charged 
analytes prior to NMR detection, which is an effective strategy for improving the 
detection limits of microcoil probes [65]. The cITP technology is an electrophoretic 
sample-stacking technique that separates and concentrates charged analytes even in 
the presence of a large excess of neutral sample matrix [66]. In cITP, analytes are 
separated according to their electrophoretic mobilities by applying a high electric 
field (10–30 kV) across a capillary containing a discontinuous buffer system com-
posed of a leading electrolyte (LE) and a trailing electrolyte (TE). Sample stacking 
arises from the insertion of the sample matrix behind an LE, which has a higher 
electrophoretic mobility than the sample constituents, and ahead of a TE, which has 
a lower electrophoretic mobility. Upon electric field application, individual compo-
nents of the sample matrix sort into bands whose relative positions depend on their 
electrophoretic mobility values. Due to the placement of the sample between the LE 
and TE, analyte bands remain in contact after focusing and travel at constant veloc-
ity through the separation channel, adjusting their concentration in proportion to 
that of the LE. This collection mode approach requires careful selection of LE and 
TE to optimize the separation conditions and results in the concentration of analytes 
by two to three orders of magnitude (see Figure 5.2). The focusing characteristic 
of cITP enables online concentration, which in turn improves the effective sample 
concentration and hence the sensitivity of NMR detection [49].

It should be noted that the primary reported cITP NMR results have been 
studies involving cationic analytes. The major challenges in conducting anionic 
cITP NMR experiments are the development of suitable buffer systems and over-
coming electroosmotic flow (EOF), which opposes the migration of anions and 
degrades the ability of cITP to separate and focus the analyte bands. To over-
come this limitation, commercially available zero-EOF capillaries have been 
employed. Chapter 7 discusses application studies of cITP directly coupled with 
online microcoil NMR detection for the separation and analysis of nanomole 
quantities of compounds.
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5.6.3  Capillary Electrochromatography (CEC)-NMR

Capillary electrochromatography (CEC) is a hybrid separation technique that com-
bines the separation efficiency of CE and the selectivity of LC. CEC also provides 
more sample-loading capacity in comparison to CE. With these features, CEC has 
become an attractive analytical tool to separate complex mixtures. The increased 
loading capacity is an important advantage to improve NMR sensitivity.

CEC-NMR is a hybrid between CE-NMR and cLC-NMR (capillary LC-NMR). 
A typical instrumentation schematic used for CEC-NMR measurements is shown 
in Figure  5.3. In CEC, the separation is performed using capillary LC columns 
with electroosmotic flow instead of pressure flow. However, low pressures (>30 bar) 
have been used to prevent air bubble formation at frits and to achieve faster separa-
tion [67]. Integrated instrumentation to perform CEC-NMR has been designed and 
shown to be a promising tool to analyze complex mixtures [49]. This technology has 
been used in continuous-flow and stopped-flow modes to analyze drug metabolites 
in human urine [50, 51]. CEC-NMR was also used to analyze a mixture containing 
caffeine, acetaminophen, and acetylsalicylic acid [68]. In this reported study, how-
ever, the peaks were poorly separated using isocratic conditions (2-mM borate, 80% 

Without sample stacking

With sample stacking
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HOD CH2 CH3

FIGURE 5.2  1H-NMR spectra of TEAB (tetraethylammonium bromide). (a) Capillary 
filled with 5-mM TEAB without sample stacking (S/N of peak at 1.2 ppm: 13). (b) 8 µl 
of 200-µM TEAB injected; spectrum after sample stacking by cITP (S/N of peak at 1.2 
ppm: 30). (Reproduced with permission from Kautz et al. [62]. Copyright 2001, American 
Chemical Society.)
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D2O, and 20% CD3CN). Apparently the large injection volumes used to improve 
sensitivity caused the separation of analytes to deteriorate. Separation was improved 
with a solvent gradient 0–30% CD3CN.

When pressure was applied during CEC to decrease the separation time [67], the 
total analysis time was reduced by a factor of 10 compared to nonpressurized CEC. 
When compared to capillary LC-NMR operating at 16 bar, a mixture was separated 
in 110 min. With pressurized CEC-NMR (pCEC-NMR) at 16 bar and 20 kV, the 
mixture was separated in 13 min; however, better resolution was achieved with capil-
lary LC. Increasing the pressure of pCEC did not improve the migration rate, but it 
did result in a decrease in separation efficiency.

Like CE-NMR, CEC-NMR allows compound separation on a micro scale. 
A drawback of CEC NMR, however, is that the frit used to contain the packing 
material creates a region of electrical resistance and can lead to local temperature 
increase. CEC-NMR is still relatively new, and more studies are required to improve 
the separation capability and reproducibility of this technology.

5.6.4  CE-NMR in Practice

The first application of hyphenated CE and NMR used 800-mM arginine, and the 
CE inlet and outlet vials were within the bore of the NMR magnet [69]. The reported 
separation of arginine, cysteine, and glycine had detection limits of 50 ng under 
static modes [70]. To record NMR spectra in 16 s, a relatively high injection vol-
ume (20 nL) had to be used, which reduced the separation efficiency. The periodic 
stopped-flow technique excluded the electrophoretic current-induced effects asso-
ciated with the horizontally positioned solenoidal coil, and was used to analyze a 
mixture of arginine and triethylamine (TEA) [70]. Improved concentration LODs 
for arginine with similar mass sensitivities (57 ng; 330 pmol) and TEA (9 ng; 88 

Column

Pump

High voltage

Inlet
vial NMR

console

Outlet vial

RF coil

Fused silica 
capillary

Magnet

FIGURE 5.3  Schematic for CEC-NMR showing the arrangement of the separation system 
and NMR detection cell.
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pmol) were realized with field-amplified stacking. Because of the sample stacking 
and stopped-flow measurement, the sensitivity was increased by two- to fourfold 
without compromising the separation efficiency. Separation efficiencies of 50,000 
were reported for arginine with periodic stopped flow.

Continuous-flow CE-NMR with a saddle coil was used to separate a mixture 
of lysine and histidine in phosphate buffer [49]. In this report, a detection limit of 
336 ng (2.3 nmol) was recorded for lysine. CE-NMR with a saddle-coil probe was 
also used to analyze drug metabolites. The ability to separate and identify drug 
metabolites and biotransformed products in biological fluids represents a consider-
able challenge. CE-NMR was able to successfully analyze the major metabolites of 
paracetamol in human urine [50, 51]. Two major metabolites, paracetamol glucuro-
nide and paracetamol sulfate conjugates, as well as endogenous material (hippurate) 
were separated and identified with CE-NMR. The experiment was performed with 
a 400-nL NMR detection cell at 600 MHz, and it used an injected volume of 8 
nL for an 80-µm ID column (effective length 1 m). Comparison of chemical shifts 
confirmed the identification of the metabolites. The estimated amount that could be 
detected in this study with a S/N of 3:1 was ≈10 ng.

Often the separation process can be improved by optimizing the buffer pH. 
Continuous-flow CE-NMR was used to analyze two commonly found food additives, 
caffeine and aspartame, at two pH values [68]. The separation was achieved using a 
glycine buffer at pH 10 in less than 70 min. However, complete separation was not 
realized, and some NMR signals overlapped with the glycine resonances. Changing 
the buffer to formate (pH 5) removed the spectral overlap but reversed the order of 
migration and increased migration time. However, at pH 5, both caffeine and aspar-
tame migrate closer to each other. Thus, as with all chromatographic endeavors, the 
experimental conditions are a compromise between separation efficiency and NMR 
spectral quality. Injections of larger analyte volumes and concentrations greater than 
the buffer concentration to improve NMR sensitivity usually degrade the separation 
efficiency of CE.

As described previously, online concentration methods can enhance the sen-
sitivity by concentrating the sample during the separation process [54]. Capillary 
isotachophoresis can concentrate either positively or negatively charged analytes 
[71]. During the cITP process, the analytes are stacked between the leading electro-
lyte and the trailing electrolyte according to their electrophoretic mobilities. Using 
cITP, concentration sensitivity enhancements of two orders of magnitude have been 
reported for online nanoliter volume NMR detection [62]. The concentration fea-
tures of cITP-NMR have been shown to increase S/N by a factor of two compared to 
analyses without preconcentration. The overall concentration enhancement is ≈1000. 
Furthermore, the sample observation efficiency has also been increased from 0.5% 
to 50%, since cITP stacking enables the recording of high-S/N NMR in a shorter 
period of time. Stopped-flow COSY (correlation spectroscopy; see Chapter 6) results 
have been reported in as little as 22 min.

The application of cITP-NMR is attractive for separating and identifying trace 
drug metabolites and synthetic organic products. In a reported study [72], 200-µM 
(1.9 nmol) atenolol, a beta blocker used for treatment of cardiovascular disease, was 
successfully isolated in the presence of 200-mM sucrose. At the pH of analysis, 
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atenolol was positively charged and therefore could effectively be separated from 
sucrose. Spectral comparisons estimated the focused band of atenolol to be about 40 
mM. Hence cITP significantly improved the concentration sensitivity of most mass-
sensitive NMR microcoils by allowing microliter samples to be concentrated and 
measured using 10–100-µL NMR observe volumes. The study demonstrated that 
cITC-NMR can be used to analyze trace materials at the 0.1% level in the presence 
of excess uncharged species.

Overall, capillary techniques are useful for analyzing mass-limited samples as 
required in pharmaceutical analysis, biomedical research, and environmental analy-
sis. Sample amounts as small as picomoles have been analyzed with capillary NMR, 
and this technology is gaining wider acceptance in the pharmaceutical industry. A 
major drawback to the implementation of separation and concentration technologies 
such as CE, CEC, and cITP is their lack of commercial availability. Advancements 
that would improve sensitivity, ease of use, maintenance, robustness, and general 
utility would render this technology a more viable investment.
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6 NMR Experiments

6.1  SOLVENT SUPPRESSION

LC-NMR spectra typically contain mobile-phase deuterated solvents that have sig-
nificant amounts of proteosolvent. Because these solvent signals are large relative to 
the peaks of interest, the solvent signals need to be suppressed. Solvent suppression is 
required to address dynamic-range issues that prevent observation of the resonances 
arising from the compounds of interest. A number of solvent-suppression techniques 
were invented for this purpose. These solvent-suppression techniques include the 
standard presaturation [1] as well as binomial sequences such as 1331  [2, 3], or 11  
or 121  [4]. The binomial sequence 1331  is a very efficient sequence for obtaining 
proton NMR spectra of dilute solutes in H2O. This sequence has been shown to 
suppress an intense water resonance by more than three orders of magnitude. The 
1331  sequence consists of short, strong radio-frequency (RF) pulses designed to be 
insensitive to many of the imperfections of the NMR spectrometers. This sequence 
enables high-quality spectra to be acquired without the need for fine adjustment of 
pulse lengths, phase shifts, delays, and transmitter frequency. The numbers in the 
1331  sequence give the relative pulse lengths. The overbars denote a 180° phase-
shifted pulse, and equal delays exist between the pulses.

The first reports of the 1331  sequence showed that it outperformed the other 
binomial sequences. With the 1331  sequence, suppression of the pulse and receiver 
phases is inverted on alternate scans; hence any solvent excitation arising from 
slightly imperfect 180° phase shifts is canceled. The phases of all four pulses and 
the receiver are then incremented together in 90° steps. In executing this solvent-
suppression routine, the transmitter is set at the exact resonance frequency of the 
solvent that is chosen to excite the desired spectral region. The reason why the 1331  
sequence was more successful than the other binomial sequences was that it was less 
sensitive to the effects of nonideally shaped pulses. Thus, if the relative pulse angles 
in the 1331  sequence are not exactly 3:1, the symmetry of the sequence ensures that 
there is still a null, whereas errors in the other binomial sequences would result in 
several-fold less solvent suppression.

In the mid-1990s, the WET (water suppression enhanced through T1 effects) 
solvent-suppression method was created by Smallcombe, Patt, and Keifer [5] (see 
Figure 6.1). The WET signal-suppression technique was rapid enough to work for 
both continuous-flow and stopped-flow samples. This experiment was amenable for 
use with samples obtained from reversed-phase LC-NMR studies and can easily be 
adjusted to suppress multiple solvent signals in the NMR spectrum.

The invention of robust solvent-suppression methods is of critical importance 
for LC-NMR structure-elucidation studies. This is because multiple proteosolvents 
(typically acetonitrile and water) can broaden resonance peaks and complicate 
spectral displays, especially when using steep solvent gradients during the course 
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of the chromatographic run. Such conditions will compromise the observation of 
small analyte signals relative to those from the large solvent peaks. The WET pulse 
sequence, however, can suppress these multiple solvent lines with only a single RF 
channel by using shaped pulses [6]. In addition, WET suppresses the 13C satellites 
and allows one to view any unsuppressed resonances that reside under these 13C 
satellites. WET has proven itself to be a robust and forgiving technique that requires 
no tedious adjustments or extensive optimization. This technique has been found to 
be considerably more frequency selective than other solvent-suppression techniques.

6.2  STRUCTURE ELUCIDATION EXPERIMENTS

For NMR structural characterization, two-dimensional (2‑D) correlation experi-
ments are of special value because they connect signals through chemical bonds. 
Examples of these correlation experiments are COrrelation SpectroscopY (COSY) 
[7] and TOtal Correlation SpectroscopY (TOCSY) [8]. COSY is a 2‑D NMR tech-
nique that gives correlations between J-coupled signals by incrementing the delay 
between two 90° proton pulses. The resulting 2‑D spectrum is generally displayed 
as a contour plot, which may be viewed as a topographical map. The COSY contour 
map provides a cross section (slice) of a three-dimensional (3‑D) image of an NMR 
spectrum. When displaying a COSY spectrum, the one-dimensional (1‑D) proton 
spectrum is traced on the diagonal of the plot. Any peaks that are not on the diagonal 
represent cross peaks or correlation peaks that are primarily a result of J3-coupling. 
Thus, by simply tracing a rectangle using the diagonal and cross peaks as vertices, 
it is possible to determine which protons are coupled to each other. Standard COSY 
experiments require phase cycling to remove unwanted signals and thus can be quite 
time consuming. This can be largely circumvented using gradient-selected COSY 

SINE.100 SINE.100 SINE.100 SINE.100

1H

13C

Z-Grad.

81.4                101.4                69.3                161.0 90 90 90 90

FIGURE 6.1  The NMR pulse sequence for WET solvent suppression. The tip angles of each 
of the 1H pulses are shown above each shaped pulse. The 13C decoupling pulses remove the 
13C satellites of the suppressed signals. The composite read pulse is shown as four 90° pulses 
having phases of X, Y, -X, and -Y, respectively.
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(gCOSY), which utilizes pulsed field gradients to destroy unwanted z-magnetiza-
tion and hence their associated signals (axial peaks). Quality gCOSY spectra can be 
acquired with one scan in as little as 5 min. A sample gCOSY spectrum is shown in 
Figure 6.2.

The 1H-1H TOCSY experiment (also known as HOHAHA—HOmonuclear 
HArtmann HAhn) enables the grouping of the proton signals based on their cou-
pling networks. This experiment is useful in establishing connectivities in complex 
overlapping multiplets (where different protons have very similar chemical shifts) 
or where there is extensive second-order coupling. The TOCSY spectrum yields 
through-bond correlations via spin-spin coupling correlations. However, unlike the 
COSY experiment, the couplings are observed throughout the coupling network. 
In addition, the intensity of the TOCSY cross peak is not related to the number of 
bonds connecting the protons. For example, a five-bond correlation may or may not 
be stronger than a three-bond correlation.

The TOCSY experiment is a 2‑D technique that employs a spin lock during the 
mixing time of the sequence for which chemical shifts are invariant but J-couplings 
evolve. The technique is used to correlate spins in the same J-coupled spin system. 
A 1‑D selective version of the TOCSY is also available [9]. This version uses shaped 
pulses to select a single spin producing a 1‑D spectrum where all resonances in the 
same spin system as the selected spin are displayed. The intensity of the coupled 
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FIGURE 6.2  A gCOSY spectrum obtained on a 600-MHz NMR spectrometer equipped 
with a 1.7-mm microcapillary cryoprobe. The sample contained 10 µg of 5,11-dihydro-11-
ethyl-5-methyl-8-[2-(1-oxido-4-quinolinyl)ethyl]-6H-dipyrido(3,2-B:2¢,3¢-E)(1,4)diazepin-
6-one in 30-µl DMSO-d6. Spectra were acquired with 2000 data points, 160 increments, and 
number of scans = 4. Total experiment time was 23 min.
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resonances depends on the duration of the mixing time as well as the magnitude of 
the coupling between spins. Mixing times are commonly adjusted from 10 ms to 100 
ms. Short mixing times will produce correlations to large J-coupled spins, i.e., spins 
in the immediate vicinity, and produce a COSY-like spectrum. As the mixing time 
is increased, correlations to smaller J-coupled spins will be observed.

The TOCSY experiment proves especially useful in the analysis of crowded 
spectra where correlations from a single resolved proton may be used to trace the 
coupling network. This experiment is often used in the analysis of peptides, pro-
teins, and oligosaccharides, where molecules are composed of discrete subunits 
or spin systems (i.e., amino-acids or saccharide units). While this experiment 
is very useful in determining long-range spin connectivity in complex struc-
tures, to determine the order in which bonds are connected, a COSY spectrum 
is preferable.

The gradient-enhanced gTOCSY pulse sequence—where the spin-lock is a 
composite pulse between 20 ms and 200 ms, with a pulse power sufficient to cover 
the spectral width—is a commonly used version of the experiment. Although long 
spin-lock (mixing time) holds the magnetic vector in the x-y plane, allowing correla-
tions over large coupling networks, the length of the spin-lock needs to be carefully 
adjusted. If the spin-lock is too long, the sample will be heated, causing signal distor-
tion in the spectrum. In addition, the heat can damage the spectrometer’s electronics. 
In practice, the attenuation should be set so that the 90° pulse width will be less than 
1/(4 SW) (SW is the spectral width in hertz).

Other 2‑D experiments, such as Nuclear Overhauser Effect SpectroscopY 
(NOESY) [10] and Rotating frame Overhauser Effect SpectroscopY (ROESY) [11], 
provide information on protons that are connected through space to establish molec-
ular conformations. A more detailed description of the NOESY and ROESY experi-
ments and their application and interpretation in structure elucidation are given in 
Section 6.3. These experiments play a critical role in identifying chemical structure.

6.2.1 H eteronuclear Correlation Experiments (HSQC, HMQC, HMBC)

Spectra such as HMQC (heteronuclear multiple quantum correlation spectroscopy), 
HSQC (heteronuclear single-quantum correlation spectroscopy), and HMBC (het-
eronuclear multiple-bond correlation spectroscopy) are indirect/inverse NMR exper-
iments that correlate 1H with an X nucleus, where 1H is the observe nucleus [12, 13]. 
For small molecules, homonuclear 2‑D techniques such as COSY and NOESY are 
often sufficient for structure identification. However, in cases when there is extensive 
overlap in the 2‑D homonuclear spectrum, the heteronuclear correlation experiments 
can be used to provide definitive assignment.

HMQC is an experiment that allows one to associate directly bonded XH reso-
nances, where X is a nucleus other than proton. It can employ X-nucleus decoupling 
and hence gives rise to RF heating. The experiment requires reasonably well-cali-
brated pulses and many steady-state scans. Protons directly bonded to X nuclei (e.g., 
13C or 15N, etc.) will produce cross peaks.

HSQC provides the same information as HMQC. The difference between the two 
techniques is that during the evolution time of an HMQC pulse sequence, both the 
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1H and X magnetization are allowed to evolve, whereas in an HSQC, only X magne-
tization is allowed to evolve. This means that an HMQC experiment is affected by 
homonuclear proton J-coupling during the evolution period, while an HSQC is not, 
since there is no proton magnetization during the evolution time. The homonuclear 
proton J-coupling manifests itself in the HMQC spectrum as broader resonances for 
1H-13C correlations relative to the HSQC. Hence spectral resolution is better in the 
HSQC compared to the HMQC. A disadvantage of the HSQC experiment is that the 
resolution of X nuclei such as 13C is highly dependent upon well-calibrated pulses. 
Since there are many more pulses in an HSQC compared to an HMQC, the HSQC 
is more susceptible to losses in signal-to-noise ratio (S/N) due to poor probe tuning 
or poor pulse calibration.

Experiments like HSQC and HMQC allow facile assignment of carbon reso-
nances without the need for a 1‑D 13C spectrum. Hence once proton resonances 
are determined, their associated carbon resonances may be easily assigned. This 
becomes a critical experiment when only tens of micrograms of compound are avail-
able, preventing timely acquisition of direct observe carbon spectra. These HSQC 
experiments aid in the assignment of aliphatic protons that suffer from severe over-
lap and cannot be unambiguously identified in homonuclear 2‑D experiments. A pri-
mary example is in the case of nonequivalent methylene protons that may be readily 
assigned in the HSQC spectrum through their correlation to the same carbon atom.

The advent of pulsed field gradients has had a major impact on the speed of 2‑D 
spectral acquisition. Incorporation of gradients in 2‑D NMR pulse sequences such 
as HSQC has enabled the selection of the desired coherence pathway and suppressed 
the 12C‑H signal by gradient scrambling of the coherence. This produces excellent 
suppression of 12C‑H artifacts in a single scan. In heteronuclear 2‑D carbon-based 
experiments, 13C‑H is the observed signal, and the receiver gain can be dramatically 
increased, thereby increasing selectivity and signal intensity. Because there is no 
need for phase cycling to cancel proton signals from 12C‑H, a 2‑D HSQC may be 
acquired with only one scan per FID (free induction decay). The result is very short 
experiment times, provided that there is an adequate concentration of sample. When 
using a conventional 5-mm probe, the amount of compound required is ≥10 mg in 
600-µL solvent for small organic molecules. When using a microcapillary cryoprobe, 
the amount of material decreases 1000-fold with 20-fold less solvent. Improvement 
in spectral quality, particularly for more dilute samples, can be accomplished by 
increasing the number of scans by multiples of 2. An example of a gHSQC experi-
ment is shown in Figure 6.3.

HMBC is a 2‑D nuclear magnetic resonance experiment that is one of the most 
powerful contemporary tools for the elucidation of molecular structure, function, 
and dynamics. HMBC relies on long-range internuclear correlation, which provides 
information about carbons bonded to protons separated by two to four bonds. In 
HMBC studies, magnetization transfer occurs between two different types of nuclei. 
Like HSQC or HMQC, these nuclei may include 13C and 1H, 15N and 1H, etc. Full 13C 
assignments may be realized using these experiments even for samples where 1‑D 
13C spectra cannot be obtained due to poor S/N.

In the HMBC pulse sequence, the first 90° pulse on carbon-13 serves as a low-
pass filter that suppresses one-bond correlation and passes the smaller coupling. 
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This pulse creates multiple quantum coherence for the one-bond coupling, which 
is removed from the spectra by alternating the phase of the carbon-13 pulse. The 
second 90° pulse on C-13 creates multiple quantum coherence for the long-range 
couplings. After the evolution time t1, the magnetization is converted back into 
detectable single quantum proton magnetization. Since carbon decoupling is not 
used in this sequence, the protons will display heteronuclear couplings.

The HMBC is relatively insensitive as compared to HMQC because multiple-
bond correlations are less efficient than one-bond correlations. Typical one-bond 
coupling constants are around 145 Hz, whereas multiple-bond coupling constants 
fall in the range of 2–15 Hz. For the HMBC pulse sequence, experimental parame-
ters can be adjusted to detect relatively large coupling constants (7–15 Hz) or smaller 
couplings (2–7 Hz).

The 1H,13C-HMBC technique can detect quaternary carbons coupled to pro-
tons and, like HSQC and HMQC, is especially useful when direct observation of 
carbon-13 spectra is not possible to obtain in a timely manner due to low sample 
concentration. This very useful sequence provides information about the backbone 
skeletal connectivities of a molecule. Many 1‑D proton spectra can be complex when 
signals overlap heavily. Using a heteronuclear second dimension helps to separate 
and simplify the assignment process. It has primary application in carbohydrate 
chemistry as a sequence analysis tool that provides unique information concerning 
connectivities across glycosidic linkages. Another critical area for using HMBC is 
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FIGURE 6.3  A gHSQC spectrum obtained on a 600-MHz NMR spectrometer equipped 
with a 1.7-mm microcapillary cryoprobe. The sample contained 10 µg of 5,11-dihydro-11-
ethyl-5-methyl-8-[2-(1-oxido-4-quinolinyl)ethyl]-6H-dipyrido(3,2-B:2¢,3¢-E)(1,4)diazepin-
6-one in 30-µl DMSO-d6. Spectra were acquired with 1000 data points, 128 increments, and 
number of scans = 64. The total experiment time was 5 h.
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in peptide-protein structural studies, especially when applied to 15N-labeled proteins. 
With this technique, it is possible to get connectivities between the nitrogen and the 
CHα proton of the amino acid of the next residue, although as protein size increases, 
3‑D NMR experiments become necessary.

6.2.2 WET  Solvent Suppression and 2‑D NMR

By developing the WET solvent-suppression technique and applying it to 2‑D 
homonuclear NMR experiments, the quality of NMR spectra obtained from con-
tinuous-flow or stopped-flow experiments has vastly improved. Consequently, the 
characterization of chemical structures by LC-NMR has been greatly enhanced. 
The WET solvent-suppression technique has been effectively applied to obtain 
high-quality 1‑D spectra in a continuous-flow and stopped-flow mode. The power of 
applying the WET pulse sequence in LC-NMR is illustrated in Figure 6.4.

Clearly, in the example shown, the use of this very efficient solvent-suppression 
technique resulted in the ability to observe peaks from the compound of interest, 
although the experiment required approximately one hour of data acquisition time 
using a 30-µL room-temperature flow probe. This time can be reduced 30-fold by 
employing a microcapillary cryoprobe.

The WET solvent-suppression technique has been incorporated into 2‑D spectra 
such as WET-TOCSY, WET-COSY, WET-NOESY, and others [5]. This incorpora-
tion has enabled quality data sets to be collected and full structure characterization 
to be obtained on samples containing large amounts of proteosolvents relative to the 
amount of analyte present.

The WET pulse sequence has also been successfully incorporated into the 
gHSQC experiment, enabling rapid acquisition of quality data. However, it should 
be noted that indirect-detection pulse sequences such as gHMQC and gHMBC do 
not require solvent suppression. These experiments may be used even with samples 

(a)

8 6 4 2 [ppm]

(b)

FIGURE 6.4  The spectra were obtained using a sample eluted from a C18 SPE cartridge 
with acetonitrile-d3. (a) 1‑D 1H spectrum obtained on a 600-MHz NMR spectrometer 
equipped with a 30-µl room-temperature (rt) flow probe. Data were acquired with 16 scans. 
(b) 1‑D 1H WETDC spectrum obtained on a 600-MHz NMR spectrometer equipped with 
a 30-µl rt flow probe. A total of 1024 scans was obtained, yielding 1 h of experiment time.
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having low analyte mass in deuterated organic solvent without the need to sup-
press residual proteosolvents such as water. While such heteronuclear experiments 
are less sensitive relative to gHSQC, when examining low-mass (µg) quantities of 
compound, the required sensitivity can be realized by combining highly concen-
trated capillary samples with cryogenically cooled probes or microcapillary flow 
probes for NMR detection.

Overall, the WET solvent-suppression pulse sequence has been shown to be 
highly effective in the acquisition of quality NMR data for samples dissolved in 
nondeuterated solvents and solvent mixtures [14, 15]. Because of its robustness and 
versatility, the WET sequence has become a preferred solvent-suppression method 
for LC-NMR.

6.2.3 D ecoupling and Power Levels in 2‑D NMR

In heteronuclear 2‑D NMR experiments, it is necessary to obtain “broadband” 
decoupling of protons over the range of resonances from 0 to 10 ppm. Although 
broadband decoupling is one of the most heavily used techniques in NMR spec-
troscopy, power requirements for removing spin-spin couplings at high fields are 
significantly increased, since the frequency bandwidth of the decoupling region 
is also increasing. Power dissipation throughout the NMR sample volume causes 
noticeable overheating and temperature gradients, leading to significant losses of 
the spectra quality. This problem is of particular concern in the execution of inverse 
spectroscopic methods when 1H[X] decoupling must be applied to the low-γ nuclei. 
In such cases, the decoupling field strength (defined as γB2) makes spectral acquisi-
tion problematic, since in such cases it is not possible to achieve high field strength 
without sample heating.

To address this issue, very efficient methods using the lowest possible power have 
been developed employing repeated pulses of different phase and duration at a single 
frequency. The result is a method known as composite pulse decoupling. A compos-
ite pulse is a sandwich of pulses that consists of 90°x, −180°−x, −270°x. Such pulse 
sandwiches may be written as 123, with 2 in bold and underlined to indicate a phase 
of −x. This pulse sandwich produces a very efficient overall 180° pulse over a wide 
chemical shift range. The rapid repetition of these 180° pulse sandwiches results 
in spin inversion (α → β, β → α) over and over again that rapidly averages the C‑H 
J-coupling to zero. Pulse-calibration errors are ameliorated through inversion of the 
pulse phase from x to −x at regular intervals in the sequence.

The WALTZ-16 pulse sequence is a commonly used decoupling sequence often 
applied in inverse heteronuclear experiments such as HMQC and HMBC [16]. This 
pulse sequence was a very important advance in the history of decoupling. The 
WALTZ sequence may be described beginning with the sequence 123123123123. 
By rearranging the sequence to 231231231231 and combining 31 = 4 31 = 4 and 
adding a reversed phase, then one obtains 24231 24231 24231 24231. Moving the 
ending 1 back to the beginning and writing 12 = 3 12 = 3, one obtains 342312423 
342312423, which when repeated with opposite phase gives a pulse/phase cycle 
known as WALTZ-16 because of the 123 basic building block of the sequence. The 
total 36-pulse block of WALTZ-16 is repeated over the entire acquisition time. The 
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parameters that need to be set in a WALTZ-16 decoupling sequence are the RF 
amplitude (power) and the duration of the pulse at the designated power level. The 
robustness of the WALTZ-16 pulse sequence is due to the fact that it is insensitive to 
small errors in the 90° phase shifts that are required for the implementation of the 
composite pulse. When accurate 90° phase shift in the decoupler channel was found 
to be problematic, the solution was to use a pulse train with 180° phase shifts as a 
means of improving the performance of the whole sequence. Due to relative insen-
sitivity to phase errors produced in the decoupler channel and very small residual 
couplings, WALTZ-16 has become a standard for inverse experiments.

GARP (Globally optimized Alternating-phase Rectangular Pulses) is another 
decoupling method that also makes use of composite pulses. This approach uses 
fractional multipliers to describe a composite pulse more precisely, thereby obtain-
ing improved inversion properties. The GARP pulse invokes a four-step RRRR  
supercycle to achieve a more uniform decoupling profile, where

	
R = 30 5 55 2 257 8 268 3 69 3 62 2 85 0 91 8 134 5 25. . . . . . . . . 66 1 66 4 45 9 25 5 72 7

119 5 138 2 258 4 64 9 70 9

. . . . .

. . . . . 777 2 98 2 133 6 255 9 65 6 53 4. . . . . .
	

Here barred symbols denote phase inversion [17].
GARP has much wider decoupling bandwidths than WALTZ-16, but will intro-

duce significantly larger residual splitting for 13C spectra. Cycling sidebands can 
compromise spectral quality. However, these cycling sidebands can be attenuated 
by an order of magnitude when a progressively permuted GARP sequence is used.

Overall, WALTZ-16 is superior to GARP for cases where optimal spectral resolv-
ing power is required. However, in cases where decoupling of a wide bandwidth 
range is required, GARP decoupling has the advantage over WALTZ-16. Hence 
GARP is the method of choice for decoupling of heteronuclei having a wide chemi-
cal shift range (such as 13C, 19F, 15N, etc.) as well as for the highest magnetic-field 
intensities for protons. Because GARP can cover a wider bandwidth range of X 
nuclei while minimizing sample heating and related effects, it is also preferred for 
highly temperature-sensitive samples.

Decoupling power levels are described by the expression (γH B2/2π), which is 
about one-tenth of the amplitude (2,500 Hz) or 1% of the power used for a single-
pulse excitation of proton resonances: (25,000 Hz) for a 10-µs 90° proton pulse. The 
decoupler field in units of hertz may be calculated from the B1 amplitude (db) and 
the 90° pulse-width ratio (e.g., the hard-pulse length divided by the decoupler-pulse 
length) using the equation,

	 Decoupler Power (Hz) = 1/[4 × decoupler pulse width]	 (6.1)

Hence a decoupler pulse of 100 µs would be equal to 2500 Hz decoupling power.
The decoupler field strength expressed in units of hertz is proportional to the B1 

amplitude. Hence the relation
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	 dB = 10 Log [amplitude ratio]2 = 10 [Log 90° pulse-width ratio]2 
           = 10 Log [power ratio]		  (6.2)

Since power is the square of the amplitude, the power level required for decoupling 
is 100 times less than that of hard pulses. So if the power for a hard pulse is 60 W, 
the decoupling power would be 0.6 W.

The NMR instrument manufacturers (Bruker or Agilent) express power output in 
their software differently. In adjusting power and pulses, a useful relationship is as 
follows: to shorten the 90° pulse by a factor of 2 requires a −6 dB (Bruker) or +6 dB 
(Agilent) change in pulse power.

The relationship between power in watts versus decibels is logarithmic, such that 
an increase by a factor of two in watts corresponds to a −3 dB (Bruker) or +3 dB 
(Agilent) change in power attenuation. Spectrometer parameters often include how 
much RF power (in watts) is being used in the NMR experiments. This is impor-
tant in transitioning between the two major instrument manufacturers (Bruker and 
Agilent). If one uses a power level that is too high, the NMR probe can be dam-
aged. Although both Agilent and Bruker express the output power in decibels (dB), 
on a Bruker spectrometer the maximum output power is −6 dB and the minimum 
power is 120 dB. On Agilent spectrometers, the maximum power is 63 dB and the 
minimum power is 0 dB. Because of amplifier nonlinearity, maximum power may be 
achieved at a lower decibel setting on Bruker instruments, and the nonlinearity can 
be calibrated using a correction table.

If an amplifier with a maximum output power of 100 W is used and the effects of 
amplifier nonlinearity are neglected, the output power conversion from decibels to 
watts may be calculated using the following equations:

	 PAgilent = Pmax 10(dB−63)/10	 (6.3)

	 PBruker = Pmax 10−(dB+6)/10	 (6.4)

where Pmax is the maximum output power, hence

100 W/63 dB (Agilent) and −6 dB (Bruker)
1 W/43 dB (Agilent) and 14 dB (Bruker)
1 mW/13 dB (Agilent) and 44 dB (Bruker)

However, it is important to note that the exact output power (Pmax) on any particular 
instrument must always be measured and calibrated. Although an amplifier may be 
rated at 100 W, this does not mean that it puts out 100 W. The output must be measured 
after the preamplifier and calibrated to obtain the true power that goes into the probe.

6.3  NOE EXPERIMENTS

NOESY is one of the most useful techniques in structure elucidation, as it allows 
one to correlate nuclei through space (distance smaller than 5 Å). NOEs provide 
spatial proximity information that allows assignment of noncoupled but spatially 
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adjacent protons. By measuring cross-peak intensities, distance information can also 
be extracted.

The pulse sequence starts with a 90° pulse followed by an evolution time t1. This 
delay is varied systematically to provide chemical shift information in the F1 domain. 
Then a 90° pulse transmits the magnetization to the z-axis, and during the following 
mixing period, the nonequilibria z-component will exchange magnetization through 
relaxation (a dipole-dipole mechanism). This exchange of magnetization is known as 
NOE (Nuclear Overhauser Effect). After some time (shorter than the relaxation time 
T1), the transverse magnetization is restored and detected. If relaxation exchange (or 
chemical exchange) has taken place during the mixing time, cross peaks will also be 
observed in the 2‑D spectra.

NOEs are produced by dipolar cross relaxation between nuclei in a close spa-
tial relationship. Because of the r−6 dependence of NOEs on interproton distance, 
cross peaks appear only if protons are less than 5 Å apart. The NOE interaction 
does not depend on through-bond interactions like J-coupling does, so NOEs can be 
seen between spatially adjacent protons on different parts of a molecule. This makes 
NOEs extremely useful in determining the conformation of a molecule. A limitation 
of NOESY spectra is that the intensities of the cross peaks depend on the relation-
ship between molecular rotational correlation time (τc) and the spectrometer proton 
frequency (ω0). Therefore, cross peaks in NOESY spectra may change in intensity, 
depending upon different magnetic-field strengths and the viscosity of different sol-
vents. It should also be noted that it is sometimes not possible to observe cross peaks 
in a NOESY spectrum, even when the protons are less than 5 Å apart. This usually 
occurs for molecules with molecular weights of ≈1000 Da where ω0τc ≈ 1. For small 
molecules, where ω0tc << 1, cross peaks are observable in a NOESY spectrum that 
are opposite in sign to the diagonal peaks. For large molecules of several thousand 
molecular weight, where ω0τc >> 1, cross peaks observed in a NOESY spectrum 
have the same sign as diagonal peaks. For compounds that fall in the intermediate 
molecular weight category (i.e., NOESY cross peaks are not observable), it becomes 
necessary to run a ROESY experiment to observe NOEs (or ROEs).

Selection of the mixing time in the NOESY experiment is a vital parameter 
because NOEs require time for buildup. The mixing time is dependent on the molec-
ular rotational correlation time (τc), which is associated with molecular weight of the 
molecule. Mixing times comparable to 300 ms to 500 ms provide maximum NOE 
enhancements, although such measurements may not be quantitative. Also, if the 90° 
pulse width is incorrect or the mixing time is too short, COSY-type (antiphase) cross 
peaks may appear in the spectrum. True NOE peaks are pure absorptive signals. 
It should also be noted that appropriate phase cycling with the requisite number of 
scans is required to ensure proper detection of NOESY cross peaks.

In small/medium-size molecules, the mixing time can be selected to be a fraction 
of the relaxation time. For larger molecules, shorter mixing times should be used to 
avoid spin-diffusion problems.

Spin diffusion is a T1 phenomenon frequently observed in NMR of macromol-
ecules. In the limit of ωτc >> 1, the rate of transfer of spin energy between nuclei 
becomes much larger than the rate of transfer of energy to the lattice. This pro-
duces longitudinal relaxation rates of protons within the molecule, which all tend 
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to possess the same value. Since the NOE is dependent upon T1, in the presence 
of spin diffusion, this parameter will no longer be specific for proximal nuclei. In 
the extreme case, a homogeneous negative NOE will be observed throughout the 
whole spectrum. For experimental applications, spin diffusion may be observed in 
the generation of relayed NOEs in either 1‑D NOE difference or 2‑D NOESY spec-
troscopy. Hence when spin diffusion occurs, there is no simple relationship between 
the magnitude of the NOE and the internuclear distance. Spin diffusion is most fre-
quently observed for large macromolecules such as proteins, and these issues may be 
addressed using short mixing times (typically 30–60 ms) (see Section 6.3.4).

In the NOESY experiment, the distinction between cross peaks originating from 
the NOE effect and those originating from chemical or conformational exchange is 
not readily determined. However, in small molecules, having long correlation times, 
the phase of the peak can be used to provide such a distinction. The relationship 
between the sign of the phase and the magnetization-transfer phenomenon may be 
described as follows: When the diagonal signal is phased “up” (small molecules),

•	 The NOE cross peak is phased “down”
•	 The chemical-exchange cross peak is phased “up”
•	 The conformational-exchange cross peak is phased “up”

For large molecules (i.e., molecular weight > 1000 Da), having long correlation 
times, the phase of the diagonal, the NOE cross peak, and the exchange cross peak is 
the same as in the NOESY experiment. It is therefore impossible to distinguish NOE 
from chemical or conformational exchange. For such cases, the ROESY (NOE in the 
rotating frame) pulse sequence should be used.

1H,1H ROESY (Rotating-frame Overhauser Effect SpectroscopY) is an experiment 
that measures homonuclear NOEs under spin-locked conditions. ROESY is applied to 
studies of molecules with motional correlation times (τc) such that ωτc ≈ 1, where ω 
is the angular frequency, ω = γB. In the ROESY experiment, the rotating-frame NOE 
(i.e., ROE) remains positive and increases as the molecular correlation time increases. 
Setting the mixing time or spin-lock period is important in the ROESY experiment, 
since the mixing time is when spin exchange occurs among spin-locked magnetization 
components of different nuclei. Different spectral density functions apply to ROESY 
interactions than for the NOESY transfers; hence the ROEs are always positive.

The ROESY experiment is very similar to the NOESY in that it provides infor-
mation concerning distance between nuclei. This technique is based on NOE in the 
rotating frame, and the ROESY pulse sequence is almost identical to the TOCSY, 
which leads to complications caused by the introduction of TOCSY artifacts. 
TOCSY artifacts occur between spins that are J-coupled and that are relatively close 
in chemical shift. They also occur for peaks that are symmetric about the central 
spectral frequency. The TOCSY signals are very large compared to the ROE cross 
peaks; therefore, it is essential to take as many precautions as necessary to cancel 
those signals. To avoid TOCSY artifacts, the power used to achieve spin-lock can be 
reduced. Also, to further reduce the chances of Hartmann–Hahn match, the spin-
lock offset can be shifted to one end of the spectra (instead of the center). In practice, 
TOCSY cross peaks are the major artifact in ROESY spectra; hence, to check for 
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such TOCSY artifacts with small molecules (<1000 Da), it would be advisable to run 
a NOESY spectrum.

An advantage over the NOE that can be positive (for small molecules), negative 
(for large molecules), or null (if the correlation time leads to a suppressed NOE) 
resides in the fact that the ROE (NOE in the rotating frame) is always positive. Hence 
the phase of the cross peak in a ROESY spectrum is diagnostic of the type of magne-
tization transfer that is taking place, regardless of the compound’s molecular weight. 
Alternation in sign of the ROE effect allows one to distinguish TOCSY or exchange 
peaks from true small ROE resonances.

The peak phase behavior from the ROESY experiment may be summarized as 
follows: If the diagonal peaks are phased “up” or positive,

•	 ROE cross peaks are phased “down” or negative
•	 TOCSY peaks are phased “up” or positive
•	 Chemical-exchange peaks are phased “up” or positive
•	 Conformational-exchange peaks are phased “up” or positive

A diagram of the relationship between phase and molecular weight for ROESY 
and NOESY is given in Figure 6.5.

Another possible complication in the ROESY spectrum is the relay of ROE 
through TOCSY, resulting in false cross peaks. This may be observed with geminal 
methylene peaks that give rise to TOCSY cross peaks. For example, if there is a 
proton in close proximity to only one of two geminal protons, ideally there should be 
only one ROE cross peak from the third proton to only one of the geminal protons 
but not its partner. The TOCSY artifact occurs through the transfer from the ROE 
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FIGURE 6.5  (See color insert.) Diagram of NOE and ROE cross peaks indicating their 
phase relative to the phase of cross peaks arising from spin diffusion or exchange. For small 
molecules (molecular weight < 1000 Da), the NOESY and ROESY cross peaks will always 
have a phase opposite to that of the diagonal.
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proton to its geminal partner, making it appear as if the third proton has an ROE to 
both geminal protons. Once again, it is advisable to confirm such observations with 
a NOESY spectrum.

6.3.1 S ample Considerations

When conducting an NOE study, the preparation of the sample can be critical for 
observing through-space magnetization transfer. In particular, dissolved oxygen or 
other paramagnetic species such as Cu2+ can reduce or completely quench the NOE. 
For small molecules, it can be extremely important to remove dissolved oxygen. For 
large molecules, the removal of oxygen is not critical. A common means of removing 
oxygen from an NMR sample is to employ the freeze-pump-thaw method. Bubbling 
argon or nitrogen through the sample may not be sufficient. The freeze-pump-thaw 
procedure is described as follows:

	 1.	Freeze the sample in liquid nitrogen or CO2/acetone.
	 2.	Evacuate the space above the solution.
	 3.	Turn off vacuum, but keep the sample isolated and allow it to thaw; as it 

thaws, bubbling should be noticed.
	 4.	Repeat several times (three to four times).
	 5.	Backfill with nitrogen gas.

When finished, the sample should be sealed in some manner. Tubes (size = 5 mm) 
with attached stopcocks have been designed for such purposes.

Of course, when using a flow probe, such freeze-thaw procedures are not pos-
sible. With LC-NMR, however, degassed solvents are used to elute compounds 
from the column into the flow probe. This helps to alleviate any paramagnetic-
induced relaxation issues that may arise from dissolved oxygen. Transfer of sam-
ples stored on a solid-phase extraction cartridge or a loop collection unit may also 
be purged of dissolved oxygen by ensuring that the deuterated-solvent reservoir 
used to transfer the sample to the flow probe is maintained under a blanket of dry 
nitrogen gas.

Overall, when conducting 2‑D ROESY or NOESY experiments, it is highly recom-
mended that certain procedures be followed to ensure the highest level of accuracy.

	 1.	The temperature should be actively controlled. This is easily achieved with 
modern NMR spectrometers.

	 2.	One should not spin the sample to avoid formation of spinning sideband 
artifacts. (Clearly this is not an issue with flow cells or capillary tubes.)

	 3.	Ensure that the probe is optimally tuned/matched and shimmed and that the 
receiver gain is optimally adjusted. High receiver gain will produce parallel 
diagonals in 2‑D spectra. This may require some manual adjustment. The 
automatic receiver gain optimization does not work very well for 2‑D exper-
iments, as it uses only the first increment to test the receiver gain. Often the 
signals for subsequent increments are larger and can saturate the receiver.
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	 4.	To ensure the appropriate phase cycling for NOESY and ROESY, the num-
ber of scans should be set as a multiple of eight.

	 5.	Although transform of a 2‑D spectrum prior to its completion is possible, 
transform upon completion is required to obtain the full digital resolution.

6.3.2 P rocessing (NOESY and ROESY) 2‑D Spectra

Processing is a critical part of analysis for phase-sensitive 2‑D experiments. The 
Fourier transformation of 2‑D NOESY and ROESY requires apodization in both 
dimensions. Apodization is the process of multiplying the FID prior to Fourier trans-
formation by a mathematical function. The type of mathematical or “window” func-
tion that is used will be determined by the type of enhancement that is required. 
For example, if S/N needs to be improved, an exponential window (EM) function 
may be applied. EM is commonly applied to 1‑D NMR spectra with line broadening 
between 0.05 to 0.5 Hz. For 2‑D spectra, the two most common window functions 
are the sine bell, which gives resolution enhancement at the expense of sensitivity, 
and the cosine-bell (or 90° shifted sine-bell), which gives sensitivity enhancement 
with some line broadening. Both functions come to zero smoothly at the end of the 
acquired FID data, eliminating any truncation wiggles in the spectrum. The window 
function determines the shape of the resultant FID, and the shifted sine bell (ssb) 
determines the shift.

For NOESY and ROESY data, the window function commonly selected is a sine-
squared function with ssb set to 2. The second parameter, ssb, describes the amount 
by which the standard sine bell (0° to 180°) is shifted at its starting point. If ssb is set 
to zero, the sine bell starts at the 0° point of the sine function. If ssb is set to 2, the 
window function starts at 90° and ends at 180°. If ssb is set to 4, the window function 
starts at 45° of the sine function and ends at 180°. In all cases, the function comes to 
zero smoothly, ending at the 180° point of the sine function.

Since both the NOESY and ROESY spectra are phase sensitive, they must be 
phased prior to analysis. As noted previously for ROESY and small-molecule 
NOESY, the NOE cross peaks have phase opposite to the main diagonal peaks. Thus, 
if the main peaks are phased down, then NOE cross peaks will be up. For large-
molecule NOESY, NOE cross peaks have the same phase as the diagonal. Chemical-
exchange peaks always have the same phase as the diagonal.

In phasing a 2‑D spectrum, the approach is to observe and phase individual traces 
through the 2‑D spectrum. These traces consist of rows (horizontal direction, f2 
dimension) and columns (vertical direction, f1 dimension). It is recommended that 
the rows be phased first, followed by the columns. To phase the rows, select a row 
containing a proton signal (preferably one that contains cross peaks). Then select 
another row at the opposite end of the spectrum. The strategy is to select rows such 
that the peaks cover a large chemical-shift range. Additional rows may be added, 
but usually two are sufficient to start. Once the rows are selected, use zero-order 
and first-order phase corrections to adjust the phase. Repeat the process with the 
columns. Often the columns do not require much phase correction. If the phasing 
is performed properly, the 1‑D rows and columns will have a flat baseline. If the 
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phased spectrum has a rolling baseline, it is best to set the phase parameters to zero, 
Fourier-transform the spectrum in both dimensions, and try again.

Once the 2‑D spectrum is appropriately phased, it may still require baseline cor-
rection for the f2 and f1 dimensions, respectively. Baseline correction is necessary 
for NOESY and ROESY spectra, since it removes the horizontal and vertical tailing 
effects and enables clear display of the cross peaks. Baseline correction needs to be 
carried out after each full 2‑D transformation, since the corrections are performed 
on processed data only, and each Fourier transformation “erases” the baseline cor-
rection effects. Finally, to enable facile analysis of 2‑D spectra, projections of 1‑D 
spectra on the horizontal and vertical axes are recommended. This enables easy 
identification of the resonance correlations.

The analysis of the ROESY and NOESY data provides three types of infor-
mation. The first and most frequently used information provides confirmation of 
assignments. The second provides through-space interactions that can give insights 
into the conformation or the configuration of the molecule. Finally, for small mol-
ecules, the experiments can provide information on chemical- or conformational-
exchange processes.

6.3.3  Chemical/Conformational Exchange

As noted previously, the NOE cross peaks versus chemical or conformational 
exchange cross peaks can have a different phase depending on the compound’s 
molecular weight. The NOE magnetization transfer between protons on molecules 
with molecular weights <1000 Da will show cross peaks with opposite phase from 
the diagonal in the 2‑D NOESY spectrum. Protons on low-molecular-weight com-
pounds that experience chemical exchange will show NOE cross peaks with the 
same sign as the diagonal. For example, protons such as NH or OH that are in rapid 
exchange with water or with each other will show strong cross peaks with the water 
resonance in the NOESY spectrum that are the same phase as the diagonal.

For nonexchangeable protons in small molecules that are in conformational equi-
librium, once again the NOESY spectra of such systems will show the same phase as 
the diagonal. NOESY spectra of small molecules provide clear distinction between 
the NOE-versus-exchange phenomenon. There are different types of conformational 
exchange that can be observed on the NMR time scale. They may be classified as 
keto-enol tautomerization, restricted rotation, and ring interconversion. The ability 
to observe such phenomena depends on the intrinsic properties of the molecule plus 
conditions such as solvent and temperature.

Keto-enol interconversion refers to a chemical equilibrium between a keto form 
(i.e., a ketone or an aldehyde) and an enol (an alcohol). The enol and keto forms are 
termed tautomers of each other. The interconversion of the two forms involves the 
movement of a proton on the carbon alpha to the carbonyl to the carbonyl oxygen 
and the subsequent formation of a double bond. A compound containing a carbonyl 
group (R-CH-C=O) is often in rapid equilibrium with an enol (R-C=C-OH) tauto-
mer. For cases where interconversion is slow on the NMR time scale, two sets of 
peaks in the 1‑D 1H spectrum would be observed corresponding to the ketone and 
enol forms [18, 19].
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Restricted rotation may be described as conformational isomerism. This is a con-
dition where molecules exist as isomers that can be interconverted by rotations about 
single bonds. These isomers are referred to as conformational isomers, conformers, 
or rotamers. Because these conformers experience restricted rotation, separate sets 
of resonance can be observed in an NMR spectrum. The reason that separate sets 
of resonances can be observed is that there exists a rotational energy barrier that 
needs to be overcome to convert one conformer to another. Hence the rotamers are 
distinct from each other. To overcome the rotational barrier, heat may be applied to 
the sample to introduce the activation energy required to interconvert rotamers. A 
commonly observed rotamer occurs in molecules where amide bonds are present. In 
such cases, rotation about the C-N bond is restricted due to partial double-bond char-
acter. Another interconversion that may be observed in NMR is ring conformational 
interconversion. Usually such interconversions are rapid at room temperature on the 
NMR time scale. However, there are cases where significant energy barriers caused 
by steric strain can exist. These cases would produce separate sets of resonances in 
the NMR spectrum [20, 21].

An example of exchange-related cross peaks in a NOESY spectrum is shown in 
Figure 6.6.

6.3.4 S pin Diffusion (Problematic for Large Molecules)

When analyzing NOESY spectra, one must be aware of the consequences of spin 
diffusion. Spin diffusion occurs primarily for large molecules and for long mixing 
times. In NOESY spectra, spin diffusion can produce misleading cross peaks and 
incorrect distances. To visualize the spin diffusion phenomenon, assume there are 
four protons (H1, H2, and H3, and H4) and that H1 and H2, H2 and H3, and H3 and H4 
are close (see Figure 6.7). That is, NOEs are expected between the three pairs. The 
expected cross peaks between protons that are close will be called direct contribu-
tions. When spin diffusion is present, indirect contributions will also be present. 
For example, a cross peak between H1 and H3 (and H1 and H4) will be present even 
though protons H1 and H4 are not spatially within 5 Å of each other. This is because, 
in spin diffusion, the magnetization follows a path from H1 to H2 and then from H2 
to H3 to H4 but appears to be directly from H1 to H4. In NOESY spectra of large mol-
ecules, the phase of these indirect peaks is the same as for direct contributions, and 
the resulting cross peaks are impossible to distinguish at a single mixing time. The 
appearance of the H1 to H4 cross peak could lead the spectroscopist to erroneously 
conclude that protons H1 and H4 are close (i.e., <5 Å).

ROESY spectra suffer less from spin diffusion artifacts. With ROESY, the phase 
of indirect contributions may be different from direct contributions. In addition, the 
phase of indirect contributions alternates with the number of steps of transfer, which 
allows their distinction [22].

6.3.5 NOE , Conformational Analysis, and Distance Determination

A NOESY spectrum may be acquired to determine the conformation by establish-
ing a distance between two protons. When more than one conformation can exist, 



158 LC-NMR: Expanding the Limits of Structure Elucidation

© 2010 Taylor & Francis Group, LLC

however, the NOE will produce inaccurate distances. For conformations that are 
being averaged over the time scale of the NMR experiment (the mixing time), the 
NOE will not reflect the average distance between the protons, but rather the average 
of the inverse sixth power of the distance.

If one considers a two-spin system in a conformational equilibrium, the observed 
NOE value will be the result of the inverse of the sixth power of a weighted average 
of the distances that can be achieved by two spins. The effective distance for NOE 
is generally expected to be less than the average distance for two spins, because the 
effective distance is weighted toward that of the “closest approach.”

	 reff < ravg	 (6.5)

For example, consider a molecule with two conformations X and Y, and the X 
conformation is 10% populated. If the protons are 2 Å apart in conformation X and 
6 Å apart in conformation Y, then the effective distance (experimentally determined 
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FIGURE 6.6  (See color insert.) 2‑D 1H1H-NOESY spectrum showing chemical and con-
formational exchange. Cross peaks in red have the same sign as the diagonal and indicate 
exchange with water as well as restricted rotation about the amide bond. Hindered rotation 
about the amide bond gives rise to two conformers and, hence, two sets of rotamer peaks. The 
cross peaks in black represent NOE interactions within the molecule.
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distance) may be much closer than the 6-Å separation that is present in the dominant 
conformer. Thus, in such cases, the NOE will reflect the conformation where the 
protons are closer.

The quantitative determination of interproton distances of two spins, I and S, from 
NOE data is based on comparison of relative NOE intensities derived from the magne-
tization transfer between the two nuclei and the NOE of nuclei with a known fixed dis-
tance. For flexible small molecules (molecular weight below 500 Da) in solution, there 
is an expectation that the NOE-distance relationship will lack significant accuracy. 
This is because factors such as spin diffusion, selective polarization transfer, variation 
in correlation times between spins, accuracy of integration, and conformation popula-
tions can contribute to observed NOE integrations. Despite these limitations, a report 
by Jones, Butts, and Harvey [23] has described a method for extracting interproton 
distances from NOE data in flexible molecules. The study makes the assumption that a 
small molecule in solution undergoes rapid tumbling and that the initial rate approxi-
mation applies, where the NOE intensity (ηIS) between the two spins, I and S, is pro-
portional to the cross-relaxation rate, σIS, between these spins and the experimental 
mixing time, τmix (see Equation 6.6). In addition, the cross-relaxation rate, σIS, between 
nuclei I and S is assumed to be proportional to the internuclear distance between spins 
I and S (rIS

−6) (see Equation 6.7). For a more detailed description of the derivation 
of these equations and their use in determining interproton distances, the reader is 
referred to other sources [23, 24].

	 ηIS = δISτm	 (6.6)

	 δIS = krIS
−6	 (6.7)
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FIGURE 6.7  Diagram illustrating the relay of magnetization as a result of spin diffusion. 
With this condition, there is no simple relationship between the magnitude of the NOE and 
the internuclear distance.
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If the values defining k (ω-Larmor precessional frequency, τc-rotational correla-
tion time, γ-magnetogyric ratio) remain constant for each spin pair in a given selec-
tive inversion experiment, the ratio of intensities of a pair of NOE signals, ηI1S:ηI2S, 
within the NOE experiment can thus be assumed to be proportional to the ratio 
of their internuclear distances (see Equation 6.9). Thus, by comparing ηI1S and ηI2S 
within the same selective inversion experiment, it is only necessary to know one 
distance, e.g., rI1S, in order to calculate the second distance, rI2S.
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If an actual distance is needed, Equation (6.9) may be rearranged to give Equation 
(6.10), where the distance is inversely proportional to the distance to the sixth power 
of the integrated intensity of the NOE signal.

	 rij = rref (ηref/ηij)1/6	 (6.10)

where ηij is the NOE cross-peak volume and rij is the interproton distance of the two 
protons i and j. Given a known distance between two protons (rref) and its NOE vol-
ume (ηref), a distance can calculated from another NOE volume.

When there are multiple conformations describing a flexible molecular system, 
the matter of internuclear distance determination becomes more challenging. A gen-
eral outline of the treatment of flexible small molecules using NOE experiments for 
both conformational and population analysis can be found in the work of Neuhaus 
and Williamson [24]. Nonetheless, it has been shown that accurate interproton dis-
tances from NOE data will enable accurate modeling of conformer populations in 
solution. Additionally, with the appropriate number of NOE constraints, these NOE-
derived distances could even improve the accuracy of modeling.

Considering that molecules with high flexibility generate multiple conformations 
in solution that rapidly interconvert on the NMR time scale, then this conformational 
flexibility will produce ensemble averaging of the observed NOEs. Hence, observed 
NOEs will be the result of an average of interproton distance from each contributing 
conformer. The ensemble-averaged NOEs may then be analyzed by making some 
assumptions that the molecule will occupy distinct low-energy conformations with 
particular populations in solution. The averaged NOE-derived distances can be cor-
related with computationally generated low-energy conformers.

This approach has been critically evaluated with respect to the challenges of fit-
ting multiconformer, multi-isomeric models, which require large numbers of NOEs 
to extract the best fit [25]. However, it was postulated and shown that with more 
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accurate NOE-derived distances, geometry and conformation populations may like-
wise be accurately determined.

A study was described by Jones, Butts, and Harvey [23] where 4-propylanaline 
was examined. Four low-energy conformers obtained from a B3LYP/6-31G* confor-
mational search yielded equilibrium populations of 24%, 25%, 25%, and 26%. NOE 
intensities were obtained from 1‑D NOESY experiments. The NOE intensities were 
corrected for chemical equivalence/symmetry by dividing the intensity signals ηIS 
by nI/nS, where nI and nS are the number of chemically equivalent spins giving rise 
to signals I and S.

Experimentally determined NOE intensities were converted to distances that 
were scaled against a well-defined distance in the molecule. Care was exercised to 
ensure that the reference distance was not compromised by strong coupling artifacts.

Interproton distances were calculated for each of the four B3LYP/6-31G*-
optimized conformers. The measured distances compared to the calculated dis-
tances, with the largest error less than 4%. Overall, this study showed that accurate 
NOE-derived distances can confirm the relative populations of contributing con-
formers in small, flexible molecules with reasonable certainty.

For this relationship to be valid, a strict experimental protocol must be followed. 
First, the mixing time must be relatively short so that the linear approximation is 
valid and spin diffusion is avoided. For small molecules, the mixing time must be 
less than several hundred milliseconds. For large molecules in general, the mixing 
time must be less than 100 ms. Whether spin diffusion leads to an apparent increase 
or decrease in distance depends on the details of the molecular geometry. Linear 
geometries lead to shorter apparent distances, while nonlinear geometries may lead 
to longer distances. To help ensure that the mixing time is within the linear region, 
a buildup curve is performed. A buildup curve is a series of NOE spectra taken at 
different mixing times. If one is within the linear region, then the NOE will linearly 
increase with mixing time. A second requirement for quantitative work is that the 
relaxation delay must be long enough to allow reasonable recovery of the magnetiza-
tion between scans. The proper relaxation delay must be three times T1; hence a T1 
determination may be necessary.

For larger flexible systems with multiple conformations such as peptides and pro-
teins, NOE data may be used in conjunction with distance geometry, allowed dihe-
dral angles, simulated annealing, and energy minimization techniques to produce 
an ensemble of averaged conformations. The backbone conformations for large mol-
ecules such as proteins may be achieved with a high degree of accuracy in particular 
for regions with well-defined secondary structure.

For flexible portions of a protein (i.e., loop regions or terminal regions), there is 
a lower degree of conformational definition. The relative proportions of the various 
conformations contributing to the ensemble of structures have been studied by numer-
ous investigators [26] to find a good match with the experimentally measured NOEs. 
Unfortunately, accurate determination of populations in these analyses has been lim-
ited by the inherently low accuracy of the NOE-derived restraints used, resulting in a 
broad range of conformer populations fitting the observed NOE restraints.

For more rigid organic molecules, macromolecules, or for proteins with well-
defined secondary and tertiary backbone structure, it is generally sufficient to 
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classify NOE peak intensities as strong, medium, and weak and make qualitative 
deductions about relative distances.

6.3.6 ROESY —Quantitative Distance Determination

Attempts to use a ROESY spectrum to obtain quantitative distance information can 
present complications. One issue involves the fact that the cross-peak intensities have 
an offset dependence relative to the central transmitter frequency. Because of this, 
ROE cross peaks are less intense for resonances furthest from the center of the spec-
trum, regardless of spatial distance. For example, if one assumes that the center of 
the NMR spectrum is 5 ppm, then a cross peak between protons at 1 and 2 ppm will 
have lower intensity than between protons at 4 to 6 ppm, even if they have the same 
interproton distance. This dependence has been well characterized by Ammalahti 
et al. [27].

An additional complication with quantitation of ROESY spectra is that TOCSY 
transfer may occur and cancel or partially cancel ROESY cross peaks, leading to 
inaccuracy in peak integrations. This obviously has deleterious effects on distance 
determination. This is a particular problem for the reference ROE, for which a 
J-coupled methylene pair is often chosen.

Despite these drawbacks, it was still reported possible to calculate distances from 
corrected ROESY intensities. If the offset (ω0) of the spin-locked pulse is positioned 
at the far low side of the spectrum and a moderate spin-lock field strength is applied, 
the distortion in the intensities of cross and diagonal peaks caused by their offset 
difference with the spin-locked pulse can be adjusted to obtain quantitative data.

For a correlation between spins at ωi and ωj frequencies, the correction factor, cij, 
in Equation (6.11) may be used.

	 rij = rref(arefcref/aijcij)1/6	 (6.11)

where
cij		  = 1/(sin2 θi sin2 θj)
tan θI	= γB1/(ωI − ω0)

where (ωI − ω0) is the difference between the chemical shift of the peak frequency 
(in hertz) and the center frequency (in hertz) and γB1 is the spin-lock power. Volume 
corrections of up to a factor of four, in off-resonance cases, may be required.

Overall, although interproton distances have been reported to be successfully 
determined from compounds that experience conformational equilibrium or from 
NOE integrations obtained from 2‑D ROESY experiments, care must be taken in 
setting the experimental conditions, and rigorous calculations and correction factors 
must be applied.
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7 Applications

There are a vast number of applications for LC-NMR in the pharmaceutical sci-
ences. In pharmaceutical development alone, these include (but are not limited to) 
isolation and characterization of drug impurities resulting from drug-stability tests, 
synthetic intermediates, and drug production. LC-NMR has been used to identify 
structures of degradation products, unstable molecules, and compounds that (a) 
are formed in situ, (b) cannot be easily isolated, or (c) may be sensitive to light, 
oxygen, heat, or time. The combination of LC and NMR can be used to evalu-
ate the components of crude natural product extracts and components of paral-
lel synthesis. In addition, applications in drug metabolism and in the analysis of 
biofluids—for example, metabolites in urine or plasma—have provided valuable 
information in the areas of toxicological safety and efficacy. This chapter focuses 
on recent applications combining liquid chromatography with NMR spectroscopy 
to address problems in key areas of interest in both the pharmaceutical industry 
and academia.

7.1  DEGRADATION PRODUCTS

Because drug products may undergo physicochemical degradation during manufac-
turing and storage, it is imperative that the inherent stability characteristics of a 
product be evaluated to ensure that safety is not compromised by the presence of 
toxic impurities [1, 2]. In particular, the isolation and structure elucidation of degra-
dation products becomes critical in regulatory documents where the assessment of 
safety must be established. Potential toxic or mutagenic degradation products often 
need to be identified and unambiguously characterized.

Although mass spectrometry technologies, in conjunction with HPLC, enable 
rapid, online structural elucidation of pharmaceutical degradation products [3–5], 
the results may not always provide conclusive or unambiguous results. To address 
this issue, NMR spectroscopy may be introduced as a highly definitive technology 
for analysis of degradation products.

In view of the sensitivity issues associated with NMR spectroscopy, degradant 
compounds of interest need to be isolated in sufficient quantities to enable structural 
characterization. While compounds can be isolated by preparative LC and analyzed 
by conventional solution-state NMR, the isolation process often leads to consider-
able losses of material, and the use of a microprobe or cryoprobe becomes necessary. 
However, when hyphenated techniques such as LC-NMR and solid-phase extraction 
(LC-SPE-NMR) are used in conjunction with microflow-probe or cryoprobe analy-
sis, problems with low concentrations and poor signal-to-noise ratio (S/N) can be 
addressed. For cases where only microgram quantities of analyte can be isolated, the 
use of a cryoprobe may be necessary [6–8].
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A recent report by Wu et al. [9] described the isolation and structural characteriza-
tion of a compound formed from solid {4-(4-chloro-3-fluorophenyl)-2-[4-(methyloxy) 
phenyl]-1,3-thiazol-5-yl} acetic acid 1 upon photoirradiation (Figure 7.1). This mol-
ecule is a pharmaceutically active compound previously under development for the 
treatment of overactive bladder [10]. LC-MS/MS analysis and accurate mass deter-
minations were used to identify the major photodegradation product as 4-chloro-N-
(4-methoxybenzoyl)-3-fluorobenzamide 2.

Preparative chromatography was used to isolate the degradation product of inter-
est for NMR analysis using an Agilent 1100 preparative LC system interfaced with an 
automatic fraction collector (Agilent Technologies). An isocratic method was devel-
oped for the preparative isolation of 2 using 45% and 55% mobile phase A of 0.1% 
formic acid in water and mobile phase B of 0.1% formic acid in acetonitrile, respec-
tively. A Zorbax SB-Phenyl (150 × 9.4 mm, 5-µm particle size) column was selected, 
and the flow rate was 4.7 mL/min for the preparative chromatography. The photo-
degradation product had a retention time of 15 min using the isocratic LC method.

A loading study enabled maximum injection mass to be determined, resulting in 
a concentration of approximately 5.5 mg/mL and a total of 85 runs, each using 700-
µL injections. Each injection required a 32-min run. Acetonitrile was removed from 
the sample using a rotary evaporator, and the sample was subsequently lyophilized 
to remove water. Approximately 2 mg of compound was produced with a purity of 
about 97% (estimated by both LC and solution-state NMR). Both one- (1‑D) and 
two-dimensional (2‑D) NMR experiments were obtained, enabling full-structure 
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characterization [4, 5, 11]. Spectra of parent compound 1 and degradant 2 are shown 
in Figure 7.2.

It was proposed that the solid thiazole 1 underwent photooxygenation by reacting 
with singlet oxygen upon photoirradiation, yielding an unstable endoperoxide. The 
unstable intermediate subsequently underwent rearrangement to yield degradation 
product 2. These studies enabled the researchers to understand the structure of sig-
nificant photodegradation products of thiazoles, allowing for better decision making 
and control during the drug-development process.

Another example of the isolation and NMR spectroscopic characterization of a 
degradation product involved an active pharmaceutical ingredient (API) that had a 
carboxylic acid moiety and existed as an ethylene diamine salt and an ethanol solvate 
[12]. In a closed container at room temperature over several weeks, this compound 
formed an impurity at about the 0.1% level. To enable full structure characterization, 
the compound had to be chromatographically isolated in sufficient quantities for 
NMR analysis. This was accomplished using an Atlantis T3 C18 column. Separation 
was achieved using a mobile-phase solvent gradient comprising acetonitrile and 
water with 0.05% trifluoroacetic acid (TFA). The chromatogram of the API and 
degradant is shown in Figure 7.3.

To enable capture of material in sufficient quantities for NMR analysis, trapping of 
the compound was carried out using an SPE C8 cartridge. A total of sixty collections 
(combined from eighteen, twenty, and twenty-two collections) were added together and 
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taken to dryness using a Biotage microDryer. The sample was then dissolved in 30-µL 
DMSO-d6, and spectra were collected on the 1.7-mm capillary cryoprobe. A 1‑D spec-
trum of the sample is shown in Figure 7.4. The spectrum shows a sample relatively free 
of sample impurities, yet the residual hydrocarbons that bleed from the cartridge are 
still visible in about the same signal intensity as the sample peaks of interest. However, 
the 1‑D WET-1H spectrum in DMSO-d6 showed the presence of exchangeable protons 
that were not observed for the sample in acetonitrile. Observation of the exchangeable 
protons was critical in establishing structural connectivity. Full structure character-
ization was achieved using a combination of wet-COSY, preset-ROESY, wet-HSQC, 
and HMBC data. (See Chapter 6 for definitions of WET, COSY, ROESY, HSQC, 
and HMBC.) The initial proposed structural modification of the degradant shown in 
Figure 7.5 was supported by ROESY data, which established a through-space connec-
tivity between exchangeable proton H19 and methylene protons H2. This addition of 
the ethylene diamine moiety to the carboxylic acid was confirmed in the HMBC spec-
trum, which showed clear through-bond correlations between the methylene protons, 
H2O and H2, and carbonyl carbon C1 (Figure 7.5).

These data unequivocally established the structure in which ethylene diamine 
adds to the carboxylic acid of the parent compound, forming an amide bond. The 
structure was further corroborated by mass spectrometry data.
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It should also be noted that the final amount of compound in the NMR tube 
was determined by HPLC analysis to be about 8 μg of material. The HMBC spec-
trum required about six days of data acquisition, even with the mass sensitivity 
of the cryoprobe. Hence, although it was possible to obtain data on as little as 
8 µg of material using the capillary cryoprobe, significant data acquisition time 
was required.

A second degradation study involved an oxidation product that required 
enrichment to obtain material in sufficient quantities for NMR analysis [12]. To 
obtain an enriched sample of the degradation product, the API was taken up in 
acetonitrile:methanol (50:50) with the addition of rose bengal (1.5 mg/mL). Exposure 
to UV/Vis (1 ICH [250 W/m2/21 h]) produced the enriched sample. The degradant 
was isolated using preparative liquid chromatography. A C8 column was used with 
a mobile phase of 75%ACN/25%MeOH and 0.025% formic acid in water. A total of 
twenty-two collections were made.

Mass spectrometry was carried out showing that the oxidized product contained 
three additional oxygen atoms and two additional exchangeable hydrogen atoms. 
This information was important in designing a relevant hypothesis for the structure 
of the oxidized product.

A 1‑D 1H spectrum of the compound was subsequently obtained in DMSO. The 
spectrum revealed the sample to be a mixture of species. This spectrum was com-
pared with the parent API, which showed that the oxidized impurity had numerous 
similarities to the API as well as some very pronounced differences (see Figure 7.6).

Initial examination of the 1‑D 1H data revealed that all proton resonances asso-
ciated with the N-methyl pyridone ring had disappeared, while clusters of new 
resonances appeared in the aliphatic region. This information was consistent with 
oxidation of the pyridone ring, leaving the remainder of the structure relatively 
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unaffected. Integrations of clusters of protons were consistent with the existence of 
a cluster of diastereomers or regioisomers. This was evident from correlations in the 
COSY and ROESY spectra, but was clearly illustrated in the HSQC spectrum, which 
showed clusters of distinct proton resonances associated with clusters of distinct car-
bons. If one considers that the degradant needed to contain two additional exchange-
able protons and three additional oxygens, a possible structure could be devised that 
fit the NMR data (see Figure 7.7).

Closer examination of one of the proton clusters showed correlation to a set of 
carbon resonances. This cluster of resonances was assigned to an H21-C21 correla-
tion and a cluster of proton resonances that integrated as one proton. Examination 
of the HSQC spectrum revealed the existence of at least eight different species (see 
Figure 7.8).

Since the proposed oxidized product introduced four new chiral centers, this con-
dition could account for multiple diastereomers and, hence, the multiple observed 1H 
and 13C NMR resonances for the proposed structure. However, seven other regioi-
somers can be drawn that could also satisfy the NMR data (see Figure 7.9). Using 
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knowledge-based 13C chemical shift predictions, the experimentally determined 
chemical shifts were found to most closely match the circled structure in Figure 7.9. 
More rigorous chemical shift predictions using low-energy conformations and den-
sity functional theory (DFT) calculations would be required to provide more accu-
rate predictions [13].

7.2  IMPURITIES

LC-NMR has been applied to the isolation and structural characterization of impuri-
ties [14, 15]. As with degradants, structure determination of impurities is of critical 
importance for drug-development candidates to satisfy the strong criteria imposed 
by regulatory agencies.

Novak et al. [16] have reported on the application of LC-NMR for rapid identifi-
cation and characterization of an unknown impurity in icofungipen 3. The impurity 
compound 4 (Figure 7.10) was formed during the preparation of icofungipen, a novel, 
orally bioavailable antifungal drug under development for the treatment of Candida 
infections [17–22].

Using LC and stop-flow isolation, 1‑D 1H-NMR and 2‑D 1H1H-COSY experi-
ments were acquired, which provided information about the structure of 4. Analysis 
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of the 1H-LC-NMR spectrum revealed the presence of both aliphatic and aromatic 
moieties (Figure 7.11). Integration of the proton intensities revealed a total of sev-
enteen nonexchangeable protons. Comparison between the 1H-LC-NMR spectra 
of 4 and icofungipen showed the presence of a side chain with aliphatic and aro-
matic structural units in addition to the cyclopentane ring and olefinic spins. A 2‑D 
DQCOSY (double quantum filtered COSY) LC-NMR spectrum produced correla-
tion peaks diagnostic of three spin systems belonging to the benzene ring, methy-
lenecyclopentane, and -CH-CH-CH2- moieties. A vicinal proton–proton coupling 
constant of 15.9 Hz between the two olefinic protons was consistent with the trans-
configuration of the double bond. Coupling constants involving protons at the chiral 
centers of the cyclopentane ring in icofungipen and compound 4 revealed a similar 
structure consistent with that part of the molecule remaining unchanged.

In order to confirm the proposed structure, the investigators synthesized the 
impurity (compound 4). The structure was subsequently elucidated using NMR 
spectroscopy and MS/MS spectrometry. A combination of 1‑D and 2‑D homo- and 
heteronuclear NMR experiments—APT (attached proton test), DQCOSY, HSQC, 
and HMBC—enabled full characterization of 4. The COSY spectrum of the synthe-
sized compound 4 was in agreement with the COSY from LC-NMR. HSQC spectra 
provided protonated carbon atom assignments, while the HMBC spectra enabled 
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assignment of the quaternary carbons. Likewise, the MS/MS spectrum showed the 
same fragmentation pattern observed in the LC-MS/MS spectrum.

While unambiguous structure determination required synthetic confirmation, in 
this example, the LC-NMR data provided a starting point for synthetic follow-up. 
Alternative approaches to similar problems can include SPE combined with cryo-
probe technology. In such cases, structural confirmation may be achieved without 
the need for synthetic intervention.

A general review by Rinaldi [23] highlights the use of LC-SPE-NMR and 
a 30-µL flow cryoprobe. This study describes the isolation and NMR spectro-
scopic characterization of low-level impurities. The author reported efficient 
trapping of impurity mixtures on C8/C18 SPE cartridges, although it was noted 
that those compounds that elute with less than 35% organic solvent were too 
polar to efficiently trap on the C18 stationary phase. Approximately 50 µg of one 
of the impurities was isolated and transferred to a flow cryoprobe, enabling full 
structural characterization (see Figure 7.12). The use of LC-SPE integrated with 
cryoprobe technology was deemed highly efficient in the analysis of low-level 
components of complex mixtures that are typically encountered in pharmaceuti-
cal development.

Analysis of trace impurities by NMR may even be achieved in samples that 
contain significant amounts of other impurities. One example of a trace impurity 
obtained from an API synthesis was a compound that had a molecular weight indi-
cating the presence of a bromine atom instead of a fluorine relative to the molecular 
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13C Chemical shift predictions 
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weight of the API [12]. Based upon synthetic considerations, two possible structures 
were proposed. Key structural features of the API and two possible impurity struc-
tures are given in Figure 7.13.

An enriched sample of the isolated impurity was separated from other minor 
impurities using a Waters Atlantis T3 C18 column using a mobile-phase solvent 
gradient of methanol and formic acid/water with the column temperature at 40°C. 
LC-SPE-NMR was employed, and the sample was trapped on a general purpose 
(GP) resin SPE cartridge from two 40-µL injections of enriched sample. Following 
elution and concentration to dryness, the sample was dissolved in 30-µL DMSO-d6. 
A 1‑D proton spectrum taken using a 1.7-mm cryoprobe is shown in Figure 7.14. 
The spectrum shows a major component with numbered peaks corresponding to the 
compound of interest and a plethora of lesser impurity peaks marked with a plus 
sign. Even in the presence of numerous impurity peaks, it was possible to establish 
correlations for the impurity compound in COSY and ROESY spectra. The initial 
chemical shift assignments using COSY and ROESY data were consistent with the 
structure of impurity 1 in Figure 7.13.

Full structural analysis using ROESY, TOCSY, HSQC, and HMBC confirmed 
the structure as impurity 1, where the fluorine in the API is replaced by a bromine 
atom. Through-bond 1H and 13C correlations in the HMBC spectrum—between H11 
and C18, H19 and C18, and H1 and C18 as well as correlations between H8 and C10, 
shown in Figure 7.15—are consistent with the structure.

Furthermore, the upfield chemical shift for C10 (≈120 ppm) is consistent with the 
replacement of the fluorine atom by a bromine. Because replacement of a fluorine 
atom with a bromine atom was not synthetically feasible, it is more likely that the 
fluorinated starting material possessed a trace amount of brominated compound that 
was carried through the reaction scheme.
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6 5 ppm

FIGURE 7.11  The aromatic region of 2‑D DQFCOSY LC-NMR spectrum of compound 
4 showing the main correlation peaks. (Reprinted from Novak, P., et al. 2009. J. Pharm. 
Biomed. Anal. 50 (1): 68. With permission from Elsevier.)
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Another impurity characterization using LC-SPE-NMR involved enrichment of 
a compound that was produced in amounts less than 0.1% [12]. The API and the 
impurity eluted approximately 18 s apart. Mass spectrometry data showed that the 
impurity had the same molecular weight as the API. Initial preparative isolation was 
able to reduce the amount of API and provide a mixture of the two closely eluting 
compounds. The sample was then transferred to the LC-NMR unit using analytical 
column Agilent Eclipse XDB-C8 with a mobile phase of 0.025% formic acid/ACN 
and 0.025% formic acid/H2O. The column temperature was maintained at 45°C. The 
impurity was trapped using a GP resin SPE cartridge (see Figure 7.16).

The process was repeated three times, and a total of eighty injections (25 µL) 
were reduced to dryness and dissolved in DMSO-d6. NMR spectra were acquired on 
the 1.7-mm capillary cryoprobe, and comparison was made with the impurity and 
the API. The results showed significant changes in the aliphatic region of the mol-
ecule, with the aromatic region remaining virtually unchanged. Based upon COSY 
and ROESY data, a structure of the impurity was proposed. The structural change 
is shown in Figure 7.17.

This structure was later confirmed by an HMBC spectrum with correlations 
between H21 and C24, H23 and C24, and OH (25) and C24 (Figure  7.18a). The 
structure of the impurity introduced a new chiral center into the molecule; however, 
the impurity corresponded to only one of the two possible diastereomers.

An independent synthesis of the impurity molecule was carried out, producing a 
mixture of the two possible diastereomers (see Figure 7.18b). One of the two com-
pounds had a 1H proton NMR spectrum identical to the isolated impurity. Because this 
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FIGURE 7.13  Chemical structures of an API and two possible impurities having identical 
mass. Mass spectrometry was unable to unambiguously determine the structure of the impu-
rity. (From Gonnella et al. [12]. With permission.)
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particular structure was found to possess no potential toxic or mutagenic properties, no 
further structural investigation was carried out to determine absolute stereochemistry.

7.3  TRACE ANALYSIS

The coupling of liquid chromatography with solid-phase extraction (SPE) and NMR 
spectroscopy has been applied to structure elucidation studies of natural-product 
extracts, drug metabolites, and pharmaceutical impurities formed in trace amounts 
[24, 25]. By combining LC with SPE, low levels of compound mixtures may be 
enriched to allow NMR detection. The LC-SPE combination provides sensitivity 
enhancements in NMR by factors of three to four over conventional LC-NMR analy-
sis of a mixture. When LC-SPE is used in conjunction with an NMR cryogenic probe 
[26, 27], the detection sensitivity further increases by about a factor of 4. This provides 
sensitivity sufficient for full NMR structural characterization on <50 μg of material.

Although the combination of LC-SPE with NMR is very powerful in character-
izing low levels of compound, the approach requires repeated LC runs and mul-
tiple trappings to obtain sufficient NMR sensitivity, even with a cryogenic probe [25, 
27]. Large-scale preparative or semipreparative LC off-line may be used to isolate 
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solved in 30 µL DMSO-d6. Numbered peaks correspond to the compound of interest. The “+” 
marks indicated the impurities in the sample. The intensity of the largest peak in the sample 
was less than the peak corresponding to the residual hydrocarbon carryover from the chro-
matography. (From Gonnella et al. [12]. With permission.)
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low‑level analytes for NMR analysis [28, 29]. However, in practice, such an approach 
can be time consuming and lack efficiency.

To address this issue, Xu and Alexander [30] reported the design of a system that 
combines semipreparative liquid chromatography and SPE HiCRAM (high-capacity 
retention and mixing). This approach reportedly expanded the isolation capacity at 
least fivefold. With this system, 1H-13C heteronuclear experiments could be carried 
out on the isolated components from a mixture of compounds present at the 1% level 
using a single LC-SPE cycle. For analytes at the 0.02% level, replicate LC isolations 
were needed with multiple SPE trappings.

The study involving replicate LC isolations and SPE trappings was reported for 
buspirone at 0.02%. This component was enriched by pooling peak cuts from three 
replicate LC analyses into the HiCRAM unit. Both 1H 1‑D (64 scans, 3 min) and 2‑D 
WETTNTOCSY (a pulse program with composite pulse decoupling on the 13C chan-
nel during selective excitation and acquisition) spectra (96 scans, 6 h)  were obtained 
from ≈6 μg (Figure 7.19). Alternatively, the eluent may be collected in an Eppendorf 
tube, evaporated to dryness, the residue dissolved in a deuterated solvent, and the 
solution introduced into a microcoil probe. The use of microcoil technology in trace 
analysis provides mass sensitivity as well as superior signal-to-solvent ratio relative 
to that obtained using a 5-mm sample tube [30]. Because analyte amounts are at the 
low microgram level, solvent dynamic-range problems may be present even with a 
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5-mm NMR cryogenic probe. In such cases, a microcoil flow probe or a capillary 
cryoprobe, which involve the use of <20 μL and 30 μL of solvent, respectively (as 
opposed to 600 μL in a 5-mm NMR tube), are the preferred probes.

Overall, the coupling of analytical LC-SPE with NMR has significantly reclaimed 
the sensitivity loss inherent in LC-NMR. When combined with microcoil flow or 
microcryotechnology, the demands for large quantities of material have been sub-
stantially addressed.

7.4  ANALYSIS OF MIXTURES

The use of LC-NMR to characterize low-level (<1%), low-concentration (<100 
µg/mL) components in a complex mixture is a highly challenging problem in the 
pharmaceutical industry. The ability to use NMR for structural elucidation of trace 
amounts of compound can add significant value in metabolite analysis, identifying 
impurities in drug synthesis scale-up or route optimization, drug stability studies, 
and the characterization of impurities exceeding regulatory limits (>0.1%) [31–33]. 
For such studies, analyte isolation and enrichment are the rate-limiting steps. This is 
because analytical chromatography is interfaced with the NMR spectrometer, where 
significant amounts of material are required for spectral evaluation. Even when 
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semiprep columns and SPE are integrated, sufficient material still requires multiple 
collections and cryo- or microcapillary NMR technology.

While the use of semipreparative chromatography coupled to NMR (through 
SPE) for low-level component analysis [34] may enhance concentration of the sam-
ple, this process has an inherently greater propensity for peak tailing and/or peak 
fronting [35]. In particular, mass overload from the major component can distort the 
peak shape of minor components. This is true for drug impurity analysis, where the 
active pharmaceutical ingredient (API) is normally present in 1000-fold excess. In 
addition, the need to use large injection volumes for poorly soluble APIs can also 
adversely affect peak width owing to volume overload [35, 36].

Automated multidimensional chromatography [37, 38], achieved through column 
switching [39], can be a useful strategy for the isolation and analysis of complex 
mixtures. Reported applications include sample enrichment and target analysis of 
components in various complex matrices by LC-MS [40, 41].

The coupling of NMR spectroscopy with an online sample preparation system 
using column-switching HPLC has been reported [39]. However, with NMR, even 
when similar phases are employed, the two separations are needed to ensure that con-
ditions for sample focusing are maintained when the fraction of interest is cut onto 
the second-stage column [35, 37, 38]. Alternatively, sample preparation by off-line 
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multistep HPLC was more flexible, in that the sample solvent could be optimized for 
each chromatographic step. However, this traditional approach is time consuming, 
expensive, and potentially subject to analyte contamination.

Alexander et al. [42] reported the design and development of a system on the 
basis of automated 2‑D HPLC with the incorporation of SPE and NMR technol-
ogy. This system, termed LC2-SPE-NMR, allowed for maximal mass loading in the 
preparative LC dimension and retained nearly optimal chromatographic resolution. 
SPE was used to isolate the impurity of interest. The first SPE trap-elute cycle was 
used to reduce the analyte volume cut from the first-stage column to about 200 μL of 
organic solvent [42]. This approach allowed a wider range of dilution options to be 
employed to achieve effective sample focusing when the analyte was injected onto 
the second-stage column.

LC2-SPE-NMR was applied to study a mixture of buspirone and propranolol, 
where buspirone was the API and propranolol was the minor component at the 0.1% 
level [43]. The preparative LC (ρLC) separation (10 × 150 mm column) was car-
ried out under conditions that maximize the column loading and minimize the run 
time (1-mL injection of a 10-mg mL−1 sample in water followed by a rapid isocratic 
elution). Under these conditions, the resolution on the semipreparative column was 
poor for the analyte of interest (propranolol). However, once cut from the ρLC col-
umn, it was well separated from buspirone when rechromatographed in the second 
LC dimension.

As can be seen, the resulting 1‑D and 2‑D 1H-1H TOCSY spectra (Figure 7.20), 
obtained from approximately 10 µg of analyte, showed sufficient quality for use in 
structural analysis. Recovery of analyte was estimated at about 90%. It was reported, 
however, that in other cases the recovery can be less than optimal. The most sig-
nificant factor was the variability associated with the efficiency of analyte retention/
elution in the SPE trapping step. This issue is also complicated by the fact that NMR 
spectral quality may be influenced by the intrinsic solubility, aggregation propensity, 
and molecular dynamics of the analyte in the eluting solvent (sometimes containing 
acidic or basic modifiers such as TFA). A combination of these factors may contrib-
ute to compromised NMR lineshape. Such limitations are generally inherent in all 
SPE operations and can sometimes be minimized by judicious choice of solvents 
(e.g., methanol vs. acetonitrile, binary vs. pure solvents) and a better understanding 
of analyte-absorbent interactions [44].

7.5  TAUTOMER KINETICS

A paper by Zhou and Hill [45] reported the use of LC-NMR to study the keto–enol 
tautomerization of ethyl butylryl acetate 5 (see Figure 7.21). These authors described 
a new application where LC-NMR enabled the detailed kinetics of keto-enol tautom-
erization to be understood. This was the first report of LC-NMR being used to study 
the ketonization kinetics occurring in a thermodynamically favorable direction.

The enol solution was obtained by HPLC, and the ketonization rate of the enol 
was monitored by NMR in a stopped-flow system. The ketonization reaction was 
examined in different acidic- and solvent-mediated conditions. The acid catalysis 
and solvent isotope effect showed that proton transfer is the rate-determining step 
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in the reaction. The ketonization rate constants were found to correlate to the water 
percentage in an exponential relationship with D2O/CH3CN and D2O/CD3OD sys-
tems, and little change in rate constants in the CD3OD/CH3CN system was observed.

Overall, the LC-NMR study showed that the ketonization reaction was enhanced 
by the presence of acid and aqueous solvent, which facilitated proton transfer. These 
studies provided important information in designing optimal experimental condi-
tions for chemical synthesis.

7.6  UNSTABLE PRODUCTS

Carboxylate-containing drugs have been known to form acyl glucuronic acid con-
jugates in vivo. The acyl glucuronides are potentially reactive metabolites that have 
been shown to undergo hydrolysis (regeneration of parent compound) [46, 47], intra-
molecular rearrangement (acyl migration) [48, 49], and covalent adduct formation 
with low-molecular-weight nucleophiles (such as methanol) or with proteins [48, 
50–52]. Hence the identification and characterization of such compounds is of criti-
cal importance in pharmaceutical development.

Sidelmann et al. [53] have reported the use of LC-NMR in the stopped-flow 
mode to separate and structurally identify an equilibrated mixture of ester gluc-
uronide isomers formed by intramolecular rearrangement reactions (acyl migration 
and mutarotation) of 2-fluorobenzoic acid β-1-glucuronide (1-O-(2-fluorobenzoyl)-
D-glucopyranuronic acid) 6. The equilibrated mixture of isomers was obtained 
by incubation of the synthetic 2-fluorobenzoic acid glucuronide in buffer solution 
(pH 7.4) at 25°C for 24 h. The β-anomer of the 1-O-acyl glucuronide, and the 2-, 
3-, and 4-positional glucuronide isomers (all three as both α- and β-anomers) (see 
Figure 7.22) present in the equilibrium mixture, were all characterized following 
separation in an isocratic chromatographic system containing phosphate buffer at pH 
7.4 and 1% acetonitrile in the mobile phase. Acetonitrile was chosen as the organic 
modifier, as methanol can obscure the acyl migration rates by methanolysis [54].

Proton NMR spectra were obtained using a 100-µL flow probe. The investigators 
showed that the 4-O-acyl isomers eluted first from the chromatographic column, 
the α-anomer eluting before the β-anomer. The β-anomer of the 1-O-acyl isomer 
eluted next, followed by the 3-O-acyl isomers, this time the β-anomer before the 
α-anomer. Finally, the 2-O-acyl isomers were eluted with the α-anomer before the 
β-anomer, as seen with the 4-O-acyl isomers. The 1H-NMR spectra obtained from 
peaks corresponding to 4α, 3α, and 2α (compounds 7, 8, and 9, respectively) are 
shown in Figure 7.23 and compared with the 1H-NMR spectrum obtained from the 
equilibrium mixture.

O

O O

O

OH O

Compound 5

FIGURE 7.21  Tautomer equilibrium favors keto over enol form of compound 5.
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The LC-NMR investigations also elucidated the mutarotation of the positional 
glucuronide isomers. Because mutarotation rates are fast relative to the acyl migration 
rates, later-eluting peaks undergo mutarotation while stopped on the chromatographic 
column. Even when the peaks were not stopped on the column, significant mutatrota-
tion was found to occur due to on-column α and β isomerization. For NMR detection, 
this resulted in line broadening and had detrimental effects on S/N and acquisition 
time. By increasing the acetonitrile content to 5%, the retention times of the α- and 
β-anomers were reduced, resulting in less time spent on the column. Capture of the 
compound in the flow cell allowed full structure assignment by LC-NMR.

These results show that this LC-NMR method was successfully employed to 
study acyl migration reactions of nonsteroidal antiinflammatory drug glucuronides. 
Such studies are important due to the possible relationship between acyl migration 
and toxicological properties. Because of the dynamic equilibrium of glucuronides 
in acyl migration transformations, the products of interest may be elusive to con-
ventional isolation methods and structural characterization procedures. However, 
LC-NMR was shown to have an advantage in situations that would involve extremely 
time-consuming purification of compounds that are in dynamic equilibrium and are 
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constantly interconverting. In addition, LC-NMR has an advantage over LC-MS, 
which would not be able to detect positional isomerism for such cases.

Hence LC-NMR was found to be of significant value in studying transient chemi-
cal isomerization reactions such as acyl migration. Application to the investigation of 
drug glucuronide reactivity and related protein binding and toxicological problems 
has been shown to be quite effective using this technology.

7.7  METABOLITES

The integration of SPE with LC-NMR to analyze metabolites in biological samples 
was first reported by Bruker scientists in 2004 [55]. The study involved the identifi-
cation of known metabolites of paracetamol in human urine. The example provided 
a clear demonstration of the utility of SPE trapping over conventional LC-NMR. 
The use of SPE enabled the chromatography separation to be conducted without 
deuterated water, preventing deuterium exchange. Subsequent elution of the SPE 
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cartridge with deuterated solvents not containing exchangeable protons (i.e., aceto-
nitrile-d3) reduced dynamic-range issues in detection and enabled NMR observation 
of exchangeable protons. The possibility of multiple trapping of the same peak on the 
same cartridge following multiple chromatographic injections vastly improved the 
amount of component in the NMR detection flow cell, producing significant gains 
in signal intensity.

A study reported by Schlotterbeck et al. [56, 57] described the use of LC-NMR 
to identify the bioactive metabolites of a lead mGlu5 receptor antagonist. Incubation 
of a thiazole-derived compound with the isolated CYP (cytochrome P450) isoforms 
responsible for the metabolism was followed by the collection of the biomass-free 
supernatant, concentration, and LC-SPE-NMR-MS analysis. The eluate was trapped 
on a Spark Prospect 2 SPE system, with 5% of the eluted volume directed to an ESI 
mass spectrometer. After drying and elution (using deuterated solvent) of the SPE 
cartridge, NMR spectra were collected on a 5-mm TCI cryoprobe. High-quality 1‑D 
and 2‑D spectra were acquired. The spectra and structure of one of the key metabo-
lites of a lead metabotropic glutamate receptor 5 inhibitor is shown in Figure 7.24.

This study allowed the full elucidation of the major metabolic pathways affecting 
the lead molecule, including the single CYP isoform responsible for the formation 
of each metabolite. The work led to the resynthesis of two major metabolites that 
were found to contribute to the efficacy of the parent compound in in vivo models. 
In addition, the information enabled the design of more metabolically stable analogs.

An important goal in metabonomics studies is to fully understand the impact of 
genetic modifications and toxicological interventions on the network of transcripts, 
proteins, and metabolites found within cells, tissues, or organisms. Because the aim 
of metabonomics is to detect low levels of small-molecule metabolites and xeno-
biotics from biofluids to organisms, MS has a sensitivity advantage over 1H-NMR 
spectroscopy. This sensitivity disadvantage of NMR is being addressed by the devel-
opment of magnets with increased field strength, cryogenically cooled probes [58], 
and microprobes [59]. An advantage of NMR spectroscopy, compared with other 
analytical tools, is that the technique is noninvasive, leading to possible medical 
applications designed to detect molecules in vivo (magnetic-resonance imaging and 
magnetic-resonance spectroscopy). In addition, high-resolution 1H-NMR spectros-
copy can be used in conjunction with statistical pattern recognition to globally pro-
file metabolites, thereby reducing the need for the quantities of material that are 
required for full structure elucidation.

NMR-based metabonomics has been found to be an ideal technique for screening 
human populations for common metabolic disorders. Expert systems have been built 
that predict both the occurrence and severity of coronary artery disease using blood 
plasma samples [60] (see Figure 7.25). Development of such systems for a clinical 
application can result in significant financial savings over invasive angiography, cur-
rently the gold standard for diagnosis.

Although most metabolomics studies have been carried out using 1H-NMR spec-
troscopy, there is a relatively small chemical shift range for the 1H nucleus, resulting 
in significant overlap and spectral complexity. An alternative using 13C-NMR spec-
troscopy where the resonances are spread over a ≈200-ppm range seems attractive. 
However, 13C natural abundance is only 1.1% creating a severe sensitivity issue for 
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direct observation. To address this issue, cryoprobes have been employed that allow 
natural abundance detection of metabolites, as noted previously. The cryoprobe 
approach relies on cooling the NMR radio-frequency (RF) detector and preamplifier 
to 20 K. Because thermal noise is reduced by a factor equivalent to T1/2, the ther-
mal noise is reduced fourfold, giving a sixteen-fold reduction in acquisition time for 
the same S/N using a conventional probe. Using cryoprobe technology, Keun and 
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a lead metabotropic glutamate receptor 5 inhibitor. (a) 1H-NMR spectrum at 600 MHz; (b) 
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in part from Schlotterbeck, G., and S. M. Ceccarelli. 2009. Bioanalysis 1 (3): 549. With per-
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colleagues [58] readily detected hepatic toxicity employing 13C-NMR spectroscopy 
of urine to detect metabolites via natural abundance 13C nuclei.

NMR-based metabonomics shows great promise of correlating metabolic pheno-
types with other -omic technologies, such as transcriptional analysis and proteomics 
during drug toxicity. Because DNA microarrays and global protein-profiling tech-
niques are technically challenging and relatively costly, it is often prudent to target 
the analysis to key time points. Metabonomics provides a mechanism for identifying 
key time points and metabolic events to be further investigated.
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FIGURE 7.25  (See color insert.) Comparison of patients with severe atherosclerosis (TVD) 
and patients with normal coronary arteries (NCA). (a) Multivariate classification scores plot 
showing the considerable separation achieved between NCA (∆) and TVD (☐) samples. (a′) 
Regression coefficients derived from the PLS-DA model, where each bar represents an NMR 
spectral region covering 0.04 ppm, showing how the 1H-NMR profile of the TVD samples 
differed from the 1H-NMR profile of the NCA serum samples. A positive value indicated 
there was a relatively greater concentration of metabolite (assigned using NMR chemical 
shift assignment tables) present in TVD samples, and a negative value indicated a relatively 
lower concentration. (b) Multivariate classification scores plot after application of the orthog-
onal signal-correction data filter to remove uncorrelated variance components. Considerable 
improvement in separation achieved (compared with a). (b′) The regression coefficients for 
the multivariate classification method model using the OSC transformed data set. (Reprinted 
from Brindle et al. [60]. With permission from Macmillan Publishers.)
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Work conducted by Griffin et al. [61] has examined orotic acid-induced fatty 
liver disease in rats using metabonomics, transcriptomics, and proteomics. In these 
studies, NMR spectroscopic changes in blood plasma and urine could be monitored 
alongside a three-tiered analysis of liver tissue, placing changes in the liver in con-
text with the overall global metabolism of the animal. By providing a metabolic 
phenotype, different time points and strains of rats could be compared directly in 
the subsequent analyses, rather than trying to assess different strains as fast or slow 
responders to the insult. Transcriptional changes could be modeled in terms of a nat-
ural “metabolic time” rather than an artificial sampling time. Using this approach, 
comparison of the inbred Kyoto strain and the outbred Wistar strain of rat showed 
Kyoto rats were susceptible to fatty liver accumulation, and metabonomic analysis 
identified that this strain of rat had an increase in cytosolic lipid triglyceride content 
over the outbred Wistars. The metabolic changes detected in liver tissue consisted 
of increases in lipid triglycerides and cholesterol esters as well as choline-contain-
ing metabolites and their degradation products. These changes could be correlated 
with key transcriptional changes from a microarray study, identifying metabolic 
pathways that were perturbed by the orotic acid exposure. Using regression tools, 
the time profiles of both transcriptional and metabonomic data sets were modeled 
together, separating transcripts according to the pathways with which they were 
most correlated.

Joint metabonomic and transcriptomic approaches to drug toxicity have been 
used in drug assessment. Ringeissen and coworkers [62] investigated the action of 
peroxisome proliferator activated receptor (PPAR) ligands using an NMR-based 
metabonomic study of urine to define the key metabolite changes during peroxi-
some proliferation. The aim of the study was to identify cellular changes or phar-
macologically related changes in the endogenous metabolism of rats treated with 
PPAR ligands that might correlate with the extent of peroxisome proliferation. These 
studies were of interest due to the compelling evidence suggesting that peroxisome 
proliferation is correlated with hepatocarcinogenesis. However, the mechanism by 
which this class of chemicals induces liver tumors is not understood.

The investigators were able to correlate changes in N-methylnicotinamide (NMN) 
and N-methyl-4-pyridone-3-carboxamide (4PY) concentrations with peroxisome 
proliferation as measured by electron microscopy. Using real-time polymer chain 
reaction (PCR) to confirm transcriptional changes of key enzymes involved in pro-
ducing NMN and 4PY, the tryptophan-NAD+ pathway responsible for the observed 
changes was identified. In addition, a 1H-NMR spectroscopy study for monitoring 
adverse drug reactions/pathologies was applied to identify urinary or plasma bio-
markers that may be directly correlated with the pathology. Spectra were generated 
that contained data on many endogenous metabolites, and these provided informa-
tion on patterns of excretion of endogenous metabolites or single molecules. Hence 
these investigators showed how metabonomics could be used to go from a complex 
multivariate problem involving systemic metabolism changes to identifying two bio-
markers that could be measured by HPLC to monitor peroxisome proliferation.

Metabonomics has been used to determine the metabolic phenotype or “metabo-
type” of two different strains of mice, the AlpK:ApfCD (white) and C57BL107 
(black) mouse [63]. From principal-component analysis (PCA) of the urinary NMR 
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spectra, it was possible to separate the two strains and to predict the strain of the 
mouse in 98% of cases using partial least-squares discriminant analysis (PLSDA) 
(Figure 7.26a). From comparison of the 1H-NMR spectra, AlpK:ApfCD mice had 
higher elevated levels of 2-oxoglutarate, citrate, trimethylamine-N-oxide, and gua-
nidinoacetic acid (Figure 7.26b), while C57BL107 mice had higher levels of taurine, 
creatinine, dimethylamine, and trimethylamine (Figure 7.26c). Perturbations in uri-
nary metabolites were postulated to be the result of strain differences in enzyme 
activity, pathway flux, and metabolite excretion.

The ability of NMR and pattern recognition to identify genotype clearly has prom-
ising applications when studying genetic polymorphism and genetically modified 
animals that are often used as models of human diseases [64, 65]. Metabonomic tech-
niques have also been used to differentiate morphologically indistinguishable but phe-
notypically different species of earthworm, based upon the analysis of tissue extracts 
and celomic fluid, using 1H-NMR spectroscopy and multivariate statistics [66].

The advantages of increasing the sensitivity and throughput of NMR-based metab-
olomics have been reported by Grimes and O’Connell [67]. In their paper, the appli-
cation of microcoil NMR probe technology was compared with a standard 5-mm 
NMR probe in metabolomics studies of urine and serum. Sample concentration 
was evaluated to demonstrate the utility of the greatly improved mass sensitivity of 
microcoil probes. Concentrating the samples was found to improve the signal detec-
tion, but the benefits did not follow a linear increase. Although absolute quantitation 
was compromised, an analysis of relative concentrations was nonetheless possible.

To evaluate the potential for sample concentration with biofluids, a set of samples 
from five subjects were analyzed with zero, twofold, fourfold, and sixfold concentra-
tion. Spectral examples are shown for urine in Figure 7.27. Sample concentration 
greater than sixfold was not carried out, since it was expected that the salt concentra-
tion would be too high to obtain quality spectra.

The results from this study showed that concentration of urine and serum samples 
alters the absolute concentrations of the metabolite levels differently. The investigators 
reported that the absolute concentration of valine in a sixfold concentrated sample 
of urine was approximately sixfold greater than the unconcentrated sample, but for 
tyrosine, the concentration was reduced by 30%. These discrepancies in absolute con-
centration versus sample concentration may be attributed to factors such as protein 
binding and precipitation of metabolites. Hence the absolute concentrations of metabo-
lites can be affected by sample concentration, which raises considerations regarding 
the benefits of obtaining absolute concentration with the 5-mm probe versus the mass 
sensitivity of the microcoil probe. Further investigation showed that concentration 
does not increase the noise of the data. To address this issue, the coefficient of variance 
of each of the metabolites at the concentration levels was calculated. No significant 
increase in the variability of the data at the higher concentration levels was detected. 
Hence it was concluded that if concentration will enhance metabolite detection, the 
relative concentrations across samples can be compared with no anticipated increase in 
variance. Overall, the data demonstrated that the microcoil probe is a highly valuable 
technology for improving sensitivity in metabolomics studies, especially when sample 
volumes are limited. Increasing sample concentration was shown to be a viable option 
to increase the sensitivity and throughput in NMR studies of metabolites. However, 
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Elsevier.)
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care must be exercised, since the increase is not linear, and changes with both the 
matrix and specific metabolites can occur.

7.8  CE ISOLATES

Separation and analysis of nanomole quantities of heparin oligosaccharides was 
reported by Korir et al. in 2005 [68]. These investigators employed the use of online 
capillary isotachophoresis and NMR spectroscopy to isolate and structurally char-
acterize these molecules. To boost the mass sensitivity of NMR detection, solenoidal 
microcoil probes were used with nanoliter to microliter detection volumes [69–73].

It should be noted that microcoil NMR probes have poorer concentration detection 
limits compared to probes with a traditional Helmholtz coil design. Therefore, capil-
lary isotachophoresis (cITP) was used to concentrate charged analytes prior to NMR 
detection. This helped to improve the detection limits of the microcoil probes [74].

Using cITP, analytes were separated according to their electrophoretic mobilities 
by applying a high electric field (10–30 kV) across a capillary containing a discontin-
uous buffer system composed of a leading electrolyte (LE) and a trailing electrolyte 
(TE). Careful selection of LE and TE was needed to optimize the separation condi-
tions. When conditions were optimal, effective concentration resulting in enhanced 
sensitivity of NMR detection could be achieved [75].
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FIGURE 7.27  Urine spectra over a range of sample concentrations. The samples were 2 ,́ 
4 ,́ and 6́  concentrated. The top spectrum shows quantifiable metabolites annotated. Valine 
(Val); 3-methyl-2-oxovalerate (3MOV); 3-hydroxyisovalerate (3HIV); threonine (Thr); lac-
tate (Lac); alanine (Ala); citrate (Citr); dimethylamine (DMA); creatinine (Creat); betaine 
(Bet); hippurate (Hip). (Reprinted from Grimes and O'Connell [67]. With permission from 
Springer Science and Business Media.)
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A major challenge of this study resulted due to the high negative charges of 
glycosaminoglycans (GAGs), which necessitated the anionic mode of cITP for the 
separation of these compounds. Anionic cITP-NMR experiments require the devel-
opment of suitable buffer systems and overcoming electroosmotic flow (EOF), which 
opposes the migration of anions and degrades the ability of cITP to separate and 
focus the analyte bands. Figure 7.28 shows the structures of the oligosaccharides 10, 
11, and 12 used in the study.

Online cITP-NMR spectra were obtained for the analysis of disaccharide, 12, as 
shown in Figure 7.29. Spectra a and b contain the resonances of the LE, while spectra 
c–g are a time profile of the focused compound 12 band. Spectrum g is a time aver-
age of the sample/TE interface, with the TE detected for this sample by the change 
in imidazole chemical shift between spectra g and h. The acetyl proton signal, which 
appears at 2.1 ppm in the analyte spectra c–g, distinguishes 12 from 11. The authors 
also reported attempts to study the tetrasaccharide composed of the disaccharide 
10. However, the results were disappointing due to poor S/N of the tetrasaccharide 
spectra, even with increased signal averaging.

Postacquisition coaddition of spectra of 11 is shown in Figure 7.30a, with a simi-
lar postacquisition coaddition of the analyte 10 spectra shown in Figure 7.30b. These 
combined spectra provide enhanced S/N.
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charide used in the study.
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Comparison of the combined spectra in Figure 7.30 showed that the spectra were 
distinctly different, with the structural difference of a sulfate group in compound 10 
instead of a hydrogen atom in compound 11. Although the spectral features in the 
co-added NMR spectra are useful in distinguishing the disaccharides, they do not 
provide sufficient information for complete structure elucidation. Stopped-flow 2‑D 
NMR experiments and higher sample concentrations would be required to enable 
full structure characterization. Overall, it was encouraging that the investigators 
were able to begin using NMR to explore the relationship between biological func-
tion and the microstructures of GAGs. However, sensitivity still appears to be an 
acute limiting factor requiring further experimental design and development.

Because NMR has relatively poor sensitivity compared with other techniques 
such as mass spectrometry, applicability in impurity analyses has historically been 
limited. This limitation was addressed through the online coupling of microcoil 
NMR with capillary isotachophoresis (cITP), a separation method that can concen-
trate dilute components by two to three orders of magnitude. With this approach, 
1H-NMR spectra can be acquired for microgram (nanomole) quantities of trace 
impurities in a complex sample matrix [76].
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FIGURE 7.29  Results of the on-line cITP-NMR spectra for the disaccharide 
α-δUA-2S[1 → 4]-GlcNAc, 12.
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FIGURE 7.30  1H-NMR spectra of the disaccharides (a) compound 11 and (b) compound 10 
obtained by postacquisition coaddition of the cITP-NMR spectra for each analyte.
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(Reprinted from Eldridge et al. [76]. With permission from American Chemical Society.)
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Online cITP-NMR was used to isolate and detect 4-aminophenol (PAP) in an 
acetaminophen sample spiked at the 0.1% level, with no interference from the par-
ent compound. Analysis of an acetaminophen thermal degradation sample revealed 
resonances of several degradation products in addition to PAP, confirming the effec-
tiveness of online cITP-NMR for trace analyses of pharmaceutical formulations. 
Subsequent LC-MS/MS analysis provided complementary information for the struc-
ture elucidation of the unknown degradation products, which were dimers formed 
during the degradation process.

The results of the degradation of acetaminophen are shown in Figure 7.31. This 
study involved a forced degradation of the sample in D2O. The forced degradation 
conditions were based on literature studies that document that the degradation of 
acetaminophen is accelerated at high temperatures and low pH [77]. The spectra in 
Figure 7.31 show the cITP-NMR data obtained for thermally degraded acetamino-
phen in the tablet matrix. The aromatic resonances of the focused PAP begin to 
appear in spectrum A and become more intense in spectra B–F. In spectra G–K, a 
set of resonances are observed from unknown degradation products stacked behind 
the PAP. The changes in relative resonance intensity in spectra G–K suggest that 
these spectra are produced by more than one component. By spectrum L, the focused 
analyte band has left the NMR microcoil, and only the HOD resonance is detected. 
In this experiment, cITP-NMR was able to cleanly concentrate, separate, and detect 
trace amounts of PAP in a real degradation sample and provide spectral evidence for 
the presence of additional degradation products.

In these studies, the unknown compounds in spectra G–K cannot be fully char-
acterized, since isolation of the pure components in sufficient quantities would be 
required. However, some structural properties can be inferred. Since these compounds 
are positively charged at the operating poly dispersity (pD), they have a lower electro-
phoretic mobility than PAP and, therefore, likely have a higher molecular weight. The 
compounds have aromatic resonances more complicated than PAP, suggesting dimer-
ization as a possible mechanism for their formation, and at least one component retains 
an acetyl moiety, as indicated by the resonance at 2.61 ppm. Further characterization 
of these unknown components was achieved through isolation and analysis by mass 
spectrometry.

Isolation of the focused analyte in off-line cITP experiments using nondeuterated 
water was carried out; pooled isolates from ten replicate separations were dissolved 
in 60 μL of 0.1% formic acid; and 5 μL of this sample was injected into the LC-MS. 
The LC-MS/MS results for the four unknown compounds, along with their proposed 
structures, were solved (Figure 7.32). The unknown products were expected to con-
sist of two pairs of compounds with similar structures: m/z 243.125 and 259.113 and 
m/z 273.080 and 257.077, with a mass difference of sixteen separating the members 
of each pair. The MS/MS fragmentation patterns for each pair of compounds were 
highly complementary. The fragment ions m/z 65.032, 93.029, 134.057, and 150.055 
were acetaminophen fragments, suggesting that these products retain a part of the 
acetaminophen structure [77–79]. The MS/MS fragmentation patterns for peaks at 
m/z 273.080 and 257.077 were also complementary. Hence structures deduced by 
LC-MS for the four dimeric degradation products were consistent with the LC-MS/
MS fragmentation patterns observed as well as the cITP-NMR results.
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7.9  NATURAL PRODUCTS

Plants are known to be a valuable resource for humans due to their chemical compo-
nents that possess therapeutic properties. Of the 350,000 known plant species, only 
a small percentage has been investigated for their pharmacological potential [80]. 
This is the case despite the fact that over 40% of registered drugs are either natural 
products or derived from natural-product scaffolds [81]. Because there is a wealth of 
potential for the discovery of new natural products with biological activity, this area 
represents an important source for lead finding in drug discovery [82].

Many plants contain compounds that could have biological activity against key 
therapeutic targets, but they may also contain known therapeutic entities or known 
compounds that hold no interest as therapeutic targets or leads. Since isolation and 
characterization of every component in natural-product extracts can be tedious and 
time consuming, a process to profile plant extracts for new metabolites becomes 
important. Metabolite profiling of crude plant extracts can be challenging, since the 
components may possess very different structures; hence each needs to be indepen-
dently isolated and characterized. Several rapid and powerful technologies have been 
applied to identify the components of such mixtures. These include LC-UV-DAD [83, 
84]; however, these technologies do not always provide conclusive or unambiguous 
results. In addition, structural identification can benefit from comparisons with spec-
tra in commercial databases, which are not readily available for many technologies.

With respect to LC-NMR, however, this technology can yield a powerful means 
of rapidly scanning structural features of compounds as they elute off of a column. 
Continuous-flow LC-NMR experiments have been reported that put forth a strat-
egy for efficient dereplication of natural-product crude extracts along with online 
identification of bioactive constituents based upon combinations of LC-NMR with 
LC-UV/DAD, LC-MS, and LC-MS/MS [85].

Because plant extracts are usually obtained by maceration of dried plant material 
and extracted with either methylene chloride or methanol, these extracts may contain 
hundreds of compounds. Such compounds are usually separated using reverse-phase 
chromatography with gradients of MeCN:D2O or MeOH:D2O [86]. Sensitivity issues 
with respect to LC-NMR require on-column loading that delivers the highest amount 
of separated analyte in the lowest possible elution volume into the NMR flow cell. 
Crude plant extracts may require milligrams per injection. To address sample-load-
ing issues, columns with increased length (e.g., 250 mm) or large inner diameter (8 
mm) may be used. In addition, since the components of these crude extracts may have 
poor solubility, dissolution in DMSO may be required for injection onto the column.

When considering a continuous-flow experiment, chromatographic conditions 
need to be established that enable separation of large amounts of sample with sat-
isfactory LC resolution. Such experiments often allow 1H-NMR characterization 
of the main constituents; however, the minor components may be lost. To improve 
NMR detection, low flow (<0.1 mL/min) or stopped flow may be used. Both collec-
tion modes enable a higher number of transients to be recorded.

A natural-products isolation and characterization of plant extracts was reported 
by Zanolari et al. [87], where LC-NMR was used in the analysis of the alkaloid 
from Erythroxylum vacciniifolium, a Brazilian Erythroxylaceae that is also called 
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catuaba. These investigators used a combination of LC-UV-DAD and LC-APCI-MS 
to examine the extracts. Preliminary analysis showed similar UV spectra and MS2/
MS3 showed similar low-molecular-weight fragments that suggested a common core 
structure in all of the components.

Continuous-flow LC-NMR and stopped-flow LC-NMR were subsequently per-
formed at 1 mL/min on 3 mg of the extract. Based upon chemotaxonomic data on the 
genus Erythroxylum [88], the main components were proposed to be tropane alka-
loids esterified with pyrrolic acid moieties. The main constituent was subsequently 
isolated for complete 2‑D NMR structural characterization. The structures of all 
other components were identified based upon comparisons with 1‑D 1H-NMR data, 
which showed that the other components were analogues of the parent catuabine D 
(see Figure 7.33).

Examination of the data in Figure 7.33 showed that the continuous-flow LC-NMR 
1H spectrum recorded for compound 24 at 58 min was similar to the parent com-
pound 22. In both cases, a tropane moiety was observed that was deoxygenated at 
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FIGURE 7.33  (a) 1H-NMR spectrum of the tropane alkaloid 22 (CDCl3) isolated after a 
single step of MPLC. (b) Continuous-flow LC/1H-NMR spectrum of 22. (c) Continuous-flow 
LC/1H-NMR spectrum of 24. (d) Stopped-flow LC/1H-NMR of 7. Comparison of the dif-
ferent spectra enabled the identification of the major constituents of the alkaloid extract of 
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arrows. (Reprinted from Wolfender, Queiroz, and Hotettmann [85]. With permission from 
John Wiley & Sons.)
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C-3 and C-6. The difference between the two compounds was in their ester substitu-
ents. Two methyl groups were observed for 24 at δ 3.93 ppm (3H, s, N-CH3) and 
3.94 ppm (3H, s, N-CH3) in the continuous-flow LC-NMR 1H spectrum, indicating 
two methylpyrrole acid moieties. The work was subsequently corroborated by MS 
([M+H]+:372.1954 C20H25N3O4). A similar type of analysis was carried out for com-
pound 7.

These same investigators also reported the implementation of LC/1H NMR and 
corresponding bioassays for the rapid identification of bioactive compounds. After 
extensive LC-UV-MS studies, it was concluded that the isolates primarily con-
sisted of prenylated isoflavanones or isoflavones. Continuous-flow LC/1H NMR 
was then carried out on an 8-mm diameter C18 column. Ten milligrams of mate-
rial were injected, and separation was achieved at 0.1 mL/min. The NMR number 
of scans was adjusted to 256 to improve signal. During the LC-NMR analysis, an 
LC-microfractionation of peaks was performed every ten minutes for antifungal bio-
autography assays against C. cucumerinum. The assay results showed distinction 
in the antifungal activities, and the NMR results confirmed MS findings that the 
compounds were in fact prenylated isoflavanones or isoflavones. Two compounds, 
27 and 28, were examined in detail (see Figure 7.34). Compound 28 exhibited the 
most potent antifungal activity. Extensive UV and MS evaluation of 28 along with 
extensive analysis of NMR coupling patterns and chemical shifts all supported the 
identification of 28 as isowighteone, a known prenylated isoflavone.

Structural characterization of 27 showed a UV spectrum and 1H-NMR signals 
at δ 4.39 ppm (H-2a), δ 4.47 ppm (H-2b), and δ 4.80 ppm (H-3) expected for an 
isoflavanone core. The protonated molecule at m/z 371.1477 [M = H]+ suggests a 
molecular formula of C21H22O6, with the consequential groups of 3 OH, 1 OMe, 
and 1 prenyl. The 1‑D 1H-NMR spectrum supports structure 27 with a singlet at 
methoxy δ 3.66 ppm (3H) and two broad aromatic singlets at δ 6.47 ppm and δ 6.70 
ppm. However, the positions of the prenyl group and the methoxy group could not 
be unambiguously assigned on the basis of 1H-NMR data only. The structure shown 
was based on comparison of calculated chemical shift values, but the full structure 
determination by NMR would require isolation of sufficient quantities of material or 
chemical synthesis.

Because of the low levels of metabolites typically encountered in natural-
products mixtures, full structure elucidation by NMR is a challenge. The solution 
lies in stopped-flow methods if sufficient quantities of material are available or 
in employing SPE. An alternative approach is to employ HPLC microfraction-
ation, drying and reinjection of the concentrated LC-peak in deuterated solvent in 
microflow capillary LC-NMR probes. The work requires more manipulation of the 
sample, and deuterated solvent may be used, so solvent suppression is not needed, 
thereby facilitating comparison of chemical shifts with reported literature values. 
In addition, the concentrated sample provides higher sensitivity such that indirect 
carbon assignments may be obtained through HSQC or HMBC spectra, enabling 
full structure characterization.

Lin et al. [89] have described the use of a microscale LC-MS-NMR platform. The 
platform consisted of two innovations in microscale analysis, nanosplitter LC-MS 
and microdroplet NMR, and has been applied to the identification of unknown 



204 LC-NMR: Expanding the Limits of Structure Elucidation

© 2010 Taylor & Francis Group, LLC

compounds found in natural-products mixtures. The nanosplitter provides the 
high sensitivity of nano electrospray MS while allowing the HPLC effluent from a 
large-bore LC column to be collected and concentrated for NMR. In the approach 
described, 98% of the HPLC effluent is directed to a fraction collector for subsequent 
NMR and bioassay studies, while the remaining 2% is directed to the nanosplitter for 
LC-MS analysis. A diagram of the system is given in Figure 7.35.

The system was tested with a series of experiments wherein separation, fraction 
collection, preconcentration, and microcoil NMR acquisition were performed using a 
mixture of commercial drugs. The system’s limit of detection (LOD) was determined 
at the 50-ng level, with sample recovery around 98%. An example of the technology 
was described involving an extract of cyanobacterium F. ambigua showing antibacte-
rial activity against Mycobacterium tuberculosis. A highly active fraction from a silica 
gel SPE extraction eluted with 100% dichloromethane. Based on the UV chromato-
gram, peak fractions were collected. Each fraction underwent a 2-h 1H-NMR acqui-
sition. The four largest peaks were identified as known isonitrile-containing indole 
alkaloids (isonitriles of ambiguines A, E, and I and hapalindole H) by comparison 
with published data [90–95]. In addition, an unknown compound was found similar 
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to the ambiguines but not found in the literature or natural-products databases. This 
product was then flagged for subsequent scale-up and isolation for NMR characteriza-
tion (see Figure 7.36). The scale-up involved a 3-L growth for thirty-two days, which 
yielded 0.85 mg of product. Evaluation on a 900-MHz NMR spectrometer with a cryo-
probe was used to establish the novel ambiguine K isonitrile. Hence the use of LC-MS-
NMR enabled prioritization of samples for scale-up by facilitating the identification of 
known components. In addition, significantly lower limits of detection were possible 
by pooling LC runs. Since LC separation times are typically 1 h/fraction for multiple 
fractions, this is much less than analysis times required in NMR and, hence, this strat-
egy becomes practical and time efficient.

Overall, this process eliminated time and expense for large-scale purification of 
previous known leads and allowed resources and effort to be focused on the charac-
terization of new active compounds. This process had the advantage of streamlining 
and reducing the natural-product discovery process.

Gronquist et al. [96] have reported studies aimed at lowering the threshold 
of material required for structural analysis of small-molecule mixtures. These 
researchers employed the use of capillary-NMR probe technology to identify a large 
number of steroids from a severely mass-limited biological sample extracted from 
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the firefly Lucidota atra. This challenge was of particular importance, since many 
natural products having potent biological activity are produced in relatively minus-
cule amounts. Hence many organisms producing potentially interesting metabolites 
cannot be studied using NMR spectroscopy because of the low sensitivity of the 
technology. The goal then became to expand the mass sensitivity of NMR spectros-
copy and maintain high spectral resolution.

Because L. atra is relatively rare, large numbers of specimens cannot be col-
lected. 1H NMR was carried out on a crude extract from five L. atra insects, which 
revealed the presence of steroidal pyrones, as evidenced by resonances consistent 
with the pyrone spin system as well as angular methyl groups in the steroidal skel-
eton. The preliminary NMR data revealed that the fireflies contained ten or more 
novel steroids (see Figure 7.37). However, the complexity of the NMR spectra for the 
mixtures of components did not permit complete characterization of the components.

To enable separation, HPLC was employed using the whole-body extracts of fifty 
specimens. Eleven fractions resulted where each fraction contained one to three ste-
roidal pyrones and related derivatives. The fractions that were isolated were in the 
40–150-nM range, well below the amount of material required for full structural 
characterization using 5-mm probes, even with low volume (Shigemi tubes). Because 
cryoprobes can have radiation-damping issues with respect to the large solvent peak, 
thereby introducing broad lineshape, this can complicate the analysis of complex 
mixtures as well as introduce signal loss for spectra such as HMBC, requiring long 
delays in the pulse sequence. The alternative solution was to employ the CapNMR 
probe. This probe features a 5-μL flow cell with a 3-μL active volume. The flow cell 
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was connected to two meter-long fused capillaries serving as inlet and outlet ports. 
CapNMR offers a four- to fivefold higher S/N for HMBC and HMQC spectra of a 
17.2-μg sucrose sample compared to using a standard 5-mm inverse detection probe 
with a Shigemi tube. It should be noted that while mass sensitivity is significantly 
higher for the CapNMR probe, concentration sensitivity is actually only a fraction of 
that of 5-mm probes. By reducing volume from roughly 200 μL for a Shigemi tube 
to 5 μL in the CapNMR probe, one increases concentration by a factor of about 40, 
while sensitivity only increases by a factor of 5. However, because natural products 
are usually mass limited, the CapNMR appeared to be a viable option.

Eleven HPLC fractions obtained from L. atra were dissolved in ≈5 µL solvent, tak-
ing care to minimize losses during concentration and injection. The resulting NMR 
spectra allowed complete assignment of all major components in each fraction, leading 
to the identification of thirteen new steroids. This process was possible due to the excel-
lent lineshape and very low level of artifacts in the spectra, which compared favorably 
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with the much higher artifact levels experienced when using cryoprobe systems. In 
fact, three compounds coeluted during purification and were analyzed as a three-com-
ponent mixture without further purification. Direct comparison of CapNMR with a 
5-mm probe and Shigemi tube yielded roughly a threefold gain in S/N.

Twelve of the compounds characterized represented steroidal pyrones analogous 
to those from other species of firefly. For one of the structures, however, instead of 
a pyrone substituent, the molecule contained a pentenoic acid amide moiety corre-
sponding to a ring opened and reduced pyrone. Overall, the CapNMR probe enabled 
the discovery of new and interesting chemistry by affording a relatively inexpensive 
means of increasing S/N.

Other natural-product studies have been reported where the investigators use semi-
preparative HPLC and capillary NMR to isolate and structurally characterize novel 
compounds. One study involved Arctostaphylos pumila Nutt. (Ericaceae), a rare plant 
species, from which two acylated caprylic alcohol glycosides were isolated [97]. The 
compounds were initially extracted from dried plant material with EtOH:EtOAc 
(50:50) followed by H2O:MeOH (30:70) yielding >5 g of dry organic extracts. The 
organic extracts were then subjected to flash-prep chromatography, and fractions were 
collected, and 50 mg were fractionated by preparative C18 HPLC (30–70 ACN in 
water), collecting forty fractions. Fractions were tested for antibacterial properties 
against Gram-positive methicillin-resistant Staphylococcus aureus. The active frac-
tion was further purified using semipreparative HPLC containing a C18 column (8 
× 250 mm ID, 5 mm) fitted with a DAD and an ELSD detector. The mobile phase 
consisted of an isocratic gradient of 75% acetonitrile in water acidified with 0.01% 
formic acid. Flow rate was 3 mL/min, 0.33 min per collection time at 40°C, and the 
samples were collected in minitubes. The separation yielded two compounds that were 
subsequently identified as 2,6-diacetyl-3,4-diisobutyl-1-O-octylglucopyranoside 1 and 
2,6-diacetyl-3,4-dimethylbutyl-1-O-octylglucopyranoside 2 (Figure 7. 38).

The molecular weights of the compounds were obtained from positive-mode 
high-resolution electrospray ionization mass spectrometry (HR-ESI-MS). Full NMR 
structure assignment and characterization was carried out by dissolving pure com-
pound in 6 μL deuterated solvent and loading the sample into a CapNMR flow probe 
on a 600-MHz NMR system. The high concentration of material (≈150 μg in 5 μL 
CDCl3) enabled full proton and 13C characterization [97].

Another study involved developing high-throughput methods for the production, 
analysis, and characterization of libraries of natural products for high-throughput 
screening in the pharmaceutical industry. The library production integrated automated 
flash chromatography, solid-phase extraction, filtration, and high-throughput parallel 
four-channel preparative high-performance liquid chromatography to obtain libraries 
in 96- or 384-well plates. The libraries consisted of 36,000 fractions of approximately 
one to five compounds per well. Each library was screened for biological activity. 
Following biological screening, the active fractions were rapidly purified at the micro-
gram level and structures obtained using NMR and mass spectrometry [98].

Characterization and structure elucidation of individual compounds was done 
using LC-ELSD-MS data and 1H and COSY NMR on as little as 5 μg of purified 
material using a 5-μL microcoil flow probe. Structures of novel compounds could 
be elucidated with about 50 μg of isolated material in a timely manner, whereas 
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comparative identities could be obtained from samples containing only 5 μg of com-
pound. The process employed in this study is illustrated in Figure 7.39.

A typical 1H-NMR spectrum of 50 μg of paclitaxel in a 5-μL flow probe is shown 
in Figure 7.40.

7.10  PROTEINS/PEPTIDES

The rate-limiting step in biophysical characterization of membrane proteins by NMR 
is usually the availability of suitable amounts of quality protein. To address this 
problem, microcoil nuclear magnetic resonance (NMR) technology was employed to 
screen microscale quantities of membrane proteins to determine proper folding for 
samples destined for structural studies. Microscale NMR was used to screen a series 
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of zwitterionic phosphocholine detergents for their ability to reconstitute membrane 
proteins, using the previously well-characterized OmpX, an eight-stranded β-barrel 
structure. Fold screening was achieved on microgram amounts of uniformly 2H,15N-
labeled OmpX [99].

The NMR data were obtained at 25°C on a 700-MHz NMR spectrometer equipped 
with a 1-mm TXI microprobe. The 1-mm NMR capillaries were filled with 7 μL 
of the solution containing the mixed OmpX-detergent micelles. The 2‑D [15N,1H]-
TROSY correlation experiments were recorded as described previously [100].

OmpX was homogeneously reconstituted in new detergents such as 1,2-dihex-
anoyl-sn-glycero-3-phosphocholine (DHPC). However, there was no precipita-
tion during the microscale reconstitution in 138-Fos or in 179-Fos, whereas more 
than 50% of the protein precipitated during each cycle of reconstitution in DHPC. 
These results showed that reconstitution in 138-Fos or in 179-Fos can efficiently 
be achieved, whereas with DHPC, several recovery cycles were needed in order to 
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FIGURE 7.39  Schematic representation of high-throughput methods applied to the process 
of drug discovery from natural resources. (Reprinted from Eldridge et al. [98]. With permis-
sion from American Chemical Society.)
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obtain an NMR sample. The 2‑D [15N,1H]-TROSY correlation spectra of the mixed 
micelles with OmpX/115-Fos, OmpX/TPC, OmpX/34-Fos, and OmpX/185-Fos 
(Figure 7.41d–g) showed a cluster of broad lines in the center of the spectrum and 
additional, resolved cross peaks of unequal shapes and intensities, indicating that 
these protein samples were not homogeneously folded and thereby suggesting the 
formation of nonspecific soluble aggregates.

Overall, the combined use of preliminary screening of a library of candidate deter-
gents for OmpX refolding using SDS gel electrophoresis and 2‑D [15N,1H]-TROSY 
correlation NMR spectroscopy resulted in the identification of two new detergents, 
138-Fos and 179-Fos, that afford reconstitution of OmpX in its native form more 
efficiently than DHPC. These two single-chain phosphocholine detergents are the 
structural mimics of the lysophospholipids that have been shown to retain the folded 
conformation of several R-helical membrane proteins in solution NMR studies [100]. 
The microcoil NMR technology was key to this success, reducing the cost of produc-
ing the protein as well as the novel amphiphiles, which are often initially made in 
small quantities [101–107].

Protein screening by nuclear magnetic resonance (NMR) is also used in struc-
tural genomics centers to identify folded proteins that are promising targets for 
3‑D structure determination by X-ray crystallography or NMR spectroscopy. Both 
1‑D 1H-NMR spectra and 2‑D [1H,15N]-correlation spectroscopy (COSY) typically 
require milligram quantities of unlabeled or isotope-labeled protein, respectively. 
To enable analytical analysis of protein structure integrity, miniaturization of a 
structural genomics pipeline with NMR screening for folded globular proteins was 
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FIGURE 7.40  1H-NMR spectrum of 50 µg of paclitaxel in 3 µL pf CD3OD acquired using 
the 5-µL microcoil flow probe on the 600-MHz NMR spectrometer. (Reprinted from Eldridge 
et al. [98]. With permission from American Chemical Society.)
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employed. This was accomplished using a high-density microfermentation device 
and a microcoil NMR probe. The proteins were microexpressed in unlabeled or 
isotope-labeled media, purified, and then subjected to 1‑D 1H-NMR and/or 2‑D 
[1H,15N]-COSY screening. To demonstrate that the miniaturization is functioning 
effectively, nine mouse homologue protein targets were processed, and the results 
were compared with those from a macroscale structural genomics high-throughput 
pipeline. The results from the two pipelines were comparable, illustrating that the 
data were not compromised in the miniaturized approach.

In this study, the NMR sample was prepared using 10 μL of protein in 10-mM Tris 
buffer, 100-mM NaCl at pH 7.8, and supplemented with about 1 μL of D2O. About 8 
μL of protein was injected into a flow cell of the microcoil NMR probe. Preparation 
of the flow cell required cleaning with 30 μL of 10-mM aqueous Tris buffer at pH 
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FIGURE 7.41  2‑D [15N,1H]-TROSY correlation NMR spectra of uniformly [2H,15N]-labeled 
OmpX reconstituted in mixed micelles with different detergents: (a) DHPC; (b) 138-Fos; (c) 
179-Fos, where the vertical band of peaks near 8.0 ppm represents t1-noise from the signal of 
the amide proton of 179-Fos; (d) 115-Fos; (e) TPC; (f) 34-Fos; (g) 185-Fos. The spectra were 
collected with the following parameters: data size 50 ´ 1024 complex points; 300 scans per 
increment. Acquisition time was 9 h per experiment. (Reprinted from Zhang et al. [99]. With 
permission from American Chemical Society.)
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7.8 and 100-mM NaCl to ensure removal of residual protein from previous measure-
ments. Verification of cleaning was obtained by recording a 1‑D 1H-NMR spectrum 
of the cleaning solvent. These flow cells periodically require cleaning with 100 μL 
of a 1% Mico-90 detergent solution followed by extensive washing with water and 
standard buffer. All NMR measurements were carried out using a quadruple-tuned 
HCN z-gradient microcoil probe (CapNMR, MRM/Protasis Inc.) with a total cell 
volume of 5 μL and an active volume of 1.5 μL. All data were acquired at 298 K on 
a 600-MHz spectrometer using a three-channel setup. Water suppression in the 2‑D 
[1H,15N]-HSQC measurements was achieved using a water-gate sequence and relax-
ation delays of 1.0–1.2 s. Excellent signal was achieved, as shown in Figure 7.42.

Overall, the miniaturization process reduced the protein requirement from milligram 
amounts to the microgram range. Further progress to improve low-loss protein purifica-
tion for small sample volumes and improvements in NMR techniques (e.g., higher-field 
magnets, improved microcoil probes, improved cryogenic probes) to improve sensitivity 
are needed. These studies have shown promise in the miniaturization of a structural 
genomics pipeline using microexpression and microcoil NMR [108].

The Northeast Structural Genomics Consortium (NESG) has implemented an 
“automated pipeline” for target selection, construct optimization, protein sample 
production, and efficient microscale screening of protein NMR targets using a 
microcryoprobe This probe requires small amounts of protein, typically 10–200 μg 
of sample in 8–35 μL volume. Extensive automation has been implemented by com-
bining database tools and use of a microcryoprobe with enhanced mass sensitivity. 
Initial screening was conducted using a room-temperature 600-MHz 1-mm probe, 
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FIGURE 7.42  1‑D 1H-NMR (left) and 2‑D [1H,15N]-correlation NMR spectra (right) of the 
Nostoc sp. hypothetical protein All2754. Both spectra have been recorded with a 2-mM pro-
tein solution in 10-mM Tris-HCl buffer at pH 7.8, 100-mM NaCl and 90%/10% H2O/D2O 
on a Bruker DRX 600 MHz spectrometer (Bruker, Billarica, USA) using an HCN z-gradient 
microcoil probe (MRM/Protasis, Savoy, USA), T = 298 K. 1‑D 1H-NMR: measurement time 
5 min; 2‑D [1H,15N]-COSY: soft water flip back, STATES-TPPI, 102,464 points, relaxation 
delay 1.1 s, measurement time 3 h. (Reprinted from Peti et al. [108]. With permission from 
Springer Science and Business Media.)
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which was later switched to a 600-MHz 1.7-mm microcryoprobe. This probe pro-
vides a mass sensitivity (S/N per microgram of solute) that is one order of magnitude 
higher than conventional 5-mm probes, reducing the required volume from 300 μL 
to 30 μL. The 1.7-mm NMR microcryoprobe on a 600-MHz spectrometer was used 
seamlessly for target screening. Acquisition of data for backbone and side-chain 
chemical shift assignments and structure determination of [U-13C,15N] proteins up to 
20 kDa is also possible. Reports from the NESG have described the general overall 
process of initial NMR sample characterization emphasizing the role of 1‑D and 
simple 2‑D NMR screening for selecting optimal constructs, solvent conditions, and 
oligomerization states. This process enables validation of protein targets for incorpo-
ration of isotopic labels (15N, 13C, 2H) for NMR structure determination [109].

A series of 1‑D 1H-NMR spectra were obtained with solvent presaturation for 
a block of protein samples. Sixty samples per 24 h were screened. Illustrative 1‑D 
proton spectra are shown in Figure  7.43. The criteria for scoring are as follows: 
(a) signal-to-noise ratio, (b) upfield-shifted methyl protons indicating a folded core 
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FIGURE 7.43  1‑D 1H-NMR spectra with H2O presaturation of representative NESG targets 
obtained with a 1.7-mm micro NMR cryoprobe at 20°C with corresponding NESG target IDs. 
(a) HR3159A spectrum scores as “poor” on account of broad poorly dispersed resonances. (b) 
LmR69A spectrum scores “unfolded” due to sharp and poorly dispersed peaks in all regions. 
(c) EwR71A spectrum scores as “promising” with the presence of upfield-shifted methyl 
peaks but crowding of the amide region (7–9 ppm), and relatively broad peaks. (d) NsR431C 
spectrum scores “good” with sharp uniform intensity and upfield-shifted methyls. (Reprinted 
from Rossi et al. [109]. With permission from Springer Science and Business Media.)
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formed by aromatic and methyl stacking, and (c) dispersion of the amide protons. 
Each sample contained 50-μM DSS internal standard. Most proteins may be easily 
classified by 1‑D proton NMR with optional follow-up by 2‑D 1H,15N HSQC analysis.

With microtubes, it was also noted that inspection of the sample for precipitation 
is often ineffective in establishing the integrity of the protein (Figure 7.44).

Rossi et al. [109] have shown that some precipitation in the capillary tube may still 
contain soluble protein in sufficient amounts for structure determination by NMR. 
Overall, the researchers have shown that the microtechnologies were essential for the 
success of the NESG consortium. Reduction in scale of sample size provided a use-
ful template for structural biology programs, enabling rapid exploration of samples 
and sample conditions for construct and/or buffer optimization.

The protein kinase ZAP-70 is involved in T-cell activation and interacts with 
tyrosine-phosphorylated peptide sequences known as immunoreceptor tyrosine acti-
vation motifs (ITAMs). Hentschel and coworkers [110] have reported on the study 
of regulatory phosphorylation sites in the tryptic fragment containing amino acids 
485–496 (ALGADDSYYTAR). Four possible peptides with phosphorylation at 
none, one, or both of the Y-492 and Y-493 tyrosines were specifically synthesized 
and analyzed by 1H/13C-NMR at 600 MHz using a capillary HPLC-NMR micro-
probe. Unambiguous discrimination of the peptides was possible via the effects of 
chemical shifts of phosphorylation on the aromatic tyrosine protons. With the micro-
probe and the detection volume of 1.5 μL, structure elucidation was carried out with 
the very small amounts of peptides. Approximately 15 μg (0.5 mg peptide in 50 
μL D2O) of the analyte were used, corresponding to about 2 mg in 5-mm tubes. 
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FIGURE 7.44  (See color insert.) From the left, 1-mm microtubes showing no or increasing 
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from Salmonella typhimurium (NESG target StR82) were recorded at 20°C in 450-mM NaCl 
at pH 6.5. The insets show the 2‑D 1H-15N HSQC and the ribbon diagram of the structure 
solved using optimal conditions (PDB ID:2JT1). (Reprinted from Rossi et al. [109]. With 
permission from Springer Science and Business Media.)
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Capillary HPLC-NMR spectra were recorded in the stopped-flow mode on less than 
400 ng of each peptide, using 1‑D and 2‑D NMR spectroscopy (1H,1H-COSY-90, 
1H/13C-HSQC, and 1H/13C-HMBC).

Because of the low amounts of compound and respective relative concentra-
tions, direct observation of 13C was not feasible. Carbon assignments were obtained 
through indirect detection techniques. Figure 7.45 shows the 1H-13C HSQC 2‑D spec-
trum of a nonphosphorylated peptide and provides H-C correlations via 1/JCH for 
the assignment of the 13C signals via the known 1H assignments.

It is important to note a construction feature of the microprobe that affects 13C 
measurements. The copper detection coil is surrounded by a fluid that is similar 
to the susceptibility of the copper in order to decrease field inhomogeneities. This 
fluid, FC-43, shows resonance signals between 80 and 115 ppm; hence, this range of 
the 13C chemical shifts is not available for direct observation. Because the peptides 
under investigation did not have nuclei resonating in that region, the carbon assign-
ments were not adversely affected [110].
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8 Other Specialized-
Flow NMR

8.1  NMR AND PARALLEL DETECTION

It is generally acknowledged that NMR spectroscopy is a highly valuable technol-
ogy for structural analysis. Spectral measurements are usually made on only a single 
sample at a time. However, different types of NMR probes have been developed that 
employ parallel, noninteracting sample coils or cells. Such probes (termed multi-
plex or parallel probes) were built to allow for simultaneous detection of multiple 
samples. This approach has the potential to significantly increase the throughput of 
NMR measurements, which is conventionally subject to serial data acquisition. The 
multiplex probe can interface with a normal NMR spectrometer, with minor modi-
fications to the hardware.

Parallel detection methods in NMR represent a high-throughput approach for the 
simultaneous detection of more than one NMR sample at a time. The concept is 
very attractive for situations where multiple measurements are required due to large 
sample volume. Parallel methods can be applied in a large number of analytical 
techniques to improve sensitivity, precision, and throughput. In NMR, Fourier trans-
form (FT) methods employing imaging detectors allow multiplex sampling of entire 
spectral regions. The same principle can be applied to the sampling of a collection of 
tubes or flow cells. This approach for data collection holds promise in areas such as 
combinatorial chemistry [1–3] and high-throughput screening [4], which rely on the 
rapid analysis of large numbers of samples that can benefit greatly from the devel-
opment of such methods. While parallel detection methods, as applied to multiple 
samples, have been implemented in a number of different analytical procedures [5, 
6], applications in NMR face a unique set of challenges.

Initial attempts to use multiplex sampling employed the use of a single coil. 
However, because of a poor filling factor, the sensitivity was compromised. In addi-
tion, there was no way to separate the spectrum of signals from multiple samples [7]. 
To address the sensitivity issue, individual solenoid coils were wrapped around cap-
illary tubes containing the different samples. The signal arising from each coil could 
then be recorded using multiple methods [8]. A detection scheme was introduced that 
was based on the application of pulse field gradients. These field gradients could be 
applied to separate signals from samples based upon their spatially dependent fre-
quency offset, a property that is unique for each sample. The application of field gra-
dients allows for the signals from multiple samples to be deconvoluted using a single 
receiver only. This gradient approach simplified probe construction and improved 
the ability to generate relatively high-resolution 1H-NMR spectra.
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One of the first multiplex probes built with optimized signal-to-noise ratio (S/N) 
for individual spectra [8] was a four-channel probe that enabled the simultaneous 
acquisition of NMR data. This multiplex probe consisted of four noninteracting 
sample coils that were each capable of detecting NMR signals at the same resonant 
frequency with good sensitivity and resolution. Hence the simultaneous detection of 
spectra from four individual samples could be acquired. With this probe, the signals 
could be differentiated using field gradients and analyzed with software yielding 
either a table of peaks assigned to each sample or individual spectra. The construc-
tion of this probe (described below) clearly demonstrated the potential of this con-
figuration for increasing the throughput of NMR detection, an important issue in 
applications that require screening of large molecular libraries.

8.2 � DATA PROCESSING AND DECONVOLUTION 
OF PARALLEL DATA

Although simultaneous data collection of multiple samples has the potential to vastly 
increase throughput, a major complication resides in the deconvolution or separa-
tion of spectra from the individual samples. Multiple approaches were reported for 
deconvolution of spectra obtained from multiple samples using a probe with z-gra-
dients, a single or multiple coils, and a single receiver. One approach involved peak 
picking each spectrum and correlating the results with the calculated frequency 
shifts expected for each sample. These frequency shifts are based upon the strength 
of the applied gradient and the position of the coils relative to the center z-gradient. 
However, this method is tedious; hence, a subtraction data-processing method was 
subsequently developed [8]. The subtraction method used z-gradient values in the 
range of 0 to 48 mG/m. Application of a gradient (example: 48 mG/m) shifts the 
frequencies by an amount equal to the calculated shift of a sample in a coil at posi-
tion z′ relative to the center of the gradient coil. Spectra were then obtained using a 
0 gradient, and the two spectra (with and without gradient applied) were subtracted. 
Negative peaks were removed through appropriate setting of the threshold, and the 
resultant spectrum was subtracted from the 0 gradient spectrum to give the spectrum 
of the sample of interest. While subtractions were relatively free of artifacts, this 
method does not produce quantitative integrations, plus the resonance lines were 
broadened, which further complicates analysis, especially for complex samples. 
Furthermore, the increased line broadening results in reduced S/N [8].

A third method for separating the spectral mixture was to use a process called 
reference deconvolution [9]. This approach employs a mathematical process that 
enables elimination of deleterious contributions to peak shape and linewidth caused 
by the response of the instrument. Reference deconvolution may be performed by 
multiplying the free-induction decay (FID) by the complex ratio (CR) of an ideal FID 
and a reference FID. The reference FID (FIDr) is constructed by taking the experi-
mental spectrum and zeroing all signals with the exception of the selected reference 
signal and taking its inverse Fourier transform. The ideal FID (FIDi) is generated by 
placing a single point (delta function) at the peak of the reference signal and zeroing 
the rest of the spectrum, followed by inverse Fourier transformation.
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	 CR = FIDi/FIDr	 (8.1)

The corrected experimental FID is calculated by multiplying the experimental 
FID by CR, followed by Fourier transformation, which yields the corrected FID. 
Reference deconvolution may then be incorporated into the subtraction procedure 
previously described. Deconvolution of both spectra (with 0 gradient and full gradi-
ent) to the same linewidth before proceeding with the subtraction algorithm gave 
the best results. A noted complication, however, was that due to the nonuniform line 
broadening across the sample coils, the spectra needed to be deconvolved using a 
standard from each coil, and the reference peaks from each coil must be well sepa-
rated from the rest of the spectrum. Because of these issues, the use of an external 
standard is considered to be a more robust approach.

In 2006, a technique entitled Spectral Unraveling by Space-selective Hadamard 
spectroscopY (SUSHY) was reported [10]. This technique enabled recording and 
deconvolution of NMR spectra of multiple samples loaded in multiple sample tubes 
in a conventional 5-mm solution NMR probe equipped with a tri-axis pulsed field-
gradient coil. The individual spectrum from each sample can be extracted by adding 
and subtracting data that are simultaneously obtained from all the tubes based on 
the principles of spatially resolved Hadamard spectroscopy. The SUSHY method is 
easily incorporated in multidimensional, multitube NMR experiments.

Considering a dual sample system, a simple one-dimensional (1‑D) SUSHY pulse 
sequence will use a hyperbolic-secant inversion pulse applied in the presence of 
transverse gradients whose effective gradient direction (e.g., an orthogonal orienta-
tion) separates the two tubes. The rectangular read pulse is a 90° pulse, applied in the 
absence of pulsed field-gradient pulses, excites all the spins, and the FID is observed 
with no applied gradients (see Figure 8.1). In the presence of the gradient pulses, 
the shaped pulse is calibrated to invert the spins, either from both sample tubes or 
just one sample tube. The nonselective 90° observe pulse in the absence of gradient 
pulses reads the state of the magnetization of all the spins in both the tubes. Addition 
and subtraction of the spatially phase-encoded spectra produce NMR data from the 
individual tubes.

RF

Gx

Gy

d1

FIGURE 8.1  The 1‑D SUSHY pulse sequence: The first shaped pulse is a hyperbolic-secant 
inversion pulse applied in the presence of transverse gradients whose effective gradient direc-
tion separates the tubes. The rectangular 90° pulse is applied in the absence of gradient pulses 
and excites all the spins. The FID is observed in the absence of any gradients.
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This method reduces the total experimental time by up to a factor of four in a 
four-tube system. SUSHY retains the sensitivity advantage of FT-NMR, as all the 
spins in all the tubes are excited for detection, and suitable data addition and subtrac-
tion given by a Hadamard scheme yield NMR spectra from each individual sample. 
This method combines the principles of imaging and spectroscopy for spatial selec-
tion and uses standard spectrometer hardware and probe configuration to obtain the 
NMR data.

8.3  PARALLEL PROBE CONSTRUCTION

8.3.1  Multiplex Four-Coil Probe

The initial construction of the NMR multiplex flow probes used excitation and detec-
tion coils with solenoid geometry. The construction of such probes was based on pre-
viously reported probe-design studies [11]. The first four-coil parallel-flow probe that 
was constructed used coils from polyurethane-coated high-purity (>99%) 36-gauge 
copper wire that was wrapped around fused-silica capillaries. The length of the entire 
assembly was 20 mm with a 1.6-mm OD and a 0.8-mm ID. The cylindrical casing 
served as both the coil form and the sample holder. The +inductance of each coil was 
roughly 20 nH. The coils were attached to the capillary tubes using a cyanoacrylate 
adhesive. Each of the radio frequency (RF) coils had a length of about 0.7 mm, four 
turns, and an inner diameter of 1.6 mm. Sample tubes were mounted in a coil holder 
made of PVC that held the capillary tubes, and the center-to-center intercoil spacing 
was set at 3.2 mm. The entire coil array was placed in a removable PVC chamber 
containing Fluorinert FC-43 (Syn Quest Laboratories, Alachua, FL), a susceptibility-
matching fluid that has been shown to improve magnetic-field homogeneity by mini-
mizing field distortions induced by copper NMR coils [12]. Care had to be taken in 
the construction of the PVC chamber to prevent leakage of the Fluorinert fluid. In 
addition, with parallel construction, the coil leads had to be cut to the same length so 
that the resistance and inductance of each of the coils were similar.

A single resonant circuit was constructed using nonmagnetic tunable capacitors 
to tune and match the circuit. The variable capacitors were located directly beneath 
the sample region. The tuning range for all four coils in parallel was approximately 
2 MHz, centered on 300 MHz with a resonant Q factor of 60. The coil housing 
was mounted on a home-built 39-mm-diameter probe body, and it used a semirigid 
copper coaxial line to connect the resonant circuit at the top of the probe to a BNC 
(bayonet Neill–Concelman) connector at the base. Teflon tubes (2.0-mm OD) were 
used to enable flow into and out of the probe. The tubes were connected to the cap-
illaries using polyolefin heat-shrink and sealed with Torr-Seal (Varian Associates, 
Palo Alto, CA). A picture of this 4-coil multiplex probe is shown in Figure 8.2.

The first spectra using this probe were collected on a spectrometer operating at 
300 MHz for 1H. Initial samples contained about 500 mM of analyte in D2O. The 
probe was centered in the magnet by loading four H2O/D2O samples and adjusting 
the linear gradient (z1 shim) to separate the peaks from the individual coils. The 
center was chosen as the point at which the top and bottom coils were shifted in 
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frequency by an equal and opposite amount, and initial shimming to a resolution of 
2–4 Hz typically required 2–3 h, clearly a drawback with respect to high throughput.

Nonetheless, this pioneering work demonstrated the possibility of introducing sig-
nificant parallelism into the excitation and detection of multiple NMR samples. A 
parallel probe with simplified hardware requirements (reaching resolution of ≈3 Hz 
without much difficulty) could be produced. Additional progress needed to be made in 
the area of improved resolution, since much of the current limitations in linewidth for 
the parallel probe resulted from small imperfections in the coil construction as well 
as the small aspect ratio of the current coil configuration [13, 14]. This was apparent 
from early experiments that used static samples sealed with parafilm. In such cases, 
the linewidths were not reproducible because of small changes in coil geometry and 
position upon the loading and sealing of new samples in the capillaries. The flow-

FIGURE. 8.2  Picture of the first four-coil flow-through multiplex-sample NMR probehead. 
A description is found in the text. (Reprinted from MacNamara et al. [8]. With permission 
from Elsevier.)
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through probe, however, reduced this problem but did not eliminate it, and attention 
to the construction of the coils was needed to significantly improve resolution.

The mass sensitivity of the parallel probe was quite impressive when compared 
with that of a standard commercial broadband-switchable 5-mm high-resolution 
liquid probe, primarily due to the reduced coil diameter, and was similar to previ-
ous microcoil probes. Comparison with a commercial 5-mm probe showed that the 
conventional probe had a mass sensitivity, Sm, of 48, which was calculated from the 
S/N of 78 measured for 0.1% ethylbenzene in CDCl3. In comparison, the four-coil 
probe had an Sm of 4200 for the t-butanol methyl proton peak after a single scan. The 
observed volume of each of the samples in the four-coil probe was approximately 
500 nL, and the concentrations of 500 mM resulted in 0.25 mmol of sample.

The limit of detection (LOD) for this four-coil parallel probe was found to be about 
710 pmol. When compared with the LOD (52 pmol) of a microcoil probe reported 
by Olson and coworkers [12] and considering differences in linewidths and accumu-
lated transients between the results, the LODs and sensitivity were considered com-
parable. A small degradation of sensitivity in the spatially resolved subspectra was 
reported, but this was attributed to the increased linewidth in the gradient-acquired 
spectrum. The features that would need to be improved to increase mass sensitivity 
would include increasing the filling factor or going to smaller coil diameters.

While it was determined that the parallel-coil configuration did not adversely 
affect the sensitivity, increasing the parallelism of this method >4 has other chal-
lenges that need to be addressed. One important consideration when scaling up the 
number of coils would be the number of coils that will fit into the homogeneous 
region of the magnet. For a wide-bore magnet, this region extends over 20 mm, giv-
ing such magnets a spatial advantage in coil-capacity accommodation.

Based on their initial work, MacNamara and coworkers [8] concluded that the 
parallel coils do not adversely affect the sensitivity. They also predicted that a ten-
coil probe design would be possible. Such a probe would provide a tenfold improve-
ment in throughput that, in conjunction with flow-through samples, would represent 
a significant advance in high-throughput screening using NMR.

As more coils are added, however, the probability of overlap between resonances 
increases, and while improvements in the resolution would improve spectral qual-
ity, other issues would need to be addressed with respect to the number of coils and 
the complexity of deconvolution. Applications such as SAR by NMR were cited, 
where one is interested in identifying only the molecules that interact strongly with 
large proteins. These molecules typically have significantly shorter relaxation times 
than other, noninteracting molecules [15]. Hence spectral editing methods such as 
saturation-transfer-difference spectroscopy (STD) [16] may be used to discriminate 
against the noninteracting molecules. In such cases, the use of parallel sample coils 
could possibly advance the throughput. The multiplex sample probe could also be 
of interest for applications such as quality control process monitoring. For example, 
cases where the primary goal is to monitor deviations of the NMR spectrum from a 
known, standard spectrum (such as identification of a potential problem in a batch 
process or synthetic route) could significantly benefit from the use of a multiplex 
sample probe.
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8.3.2  Multiplex Dual Probe

At about the same time that the four-coil probe was introduced, another probe design 
that used a dual-coil probe with two independent circuits to tune and match the 
sample coils to the same resonant frequency was reported by the same group [17]. 
Just as with the four-coil probe, this dual probe was designed to interface to a normal 
NMR spectrometer, with minor modifications to the hardware. An advantageous 
property of the dual-coil configuration was that the coils and resonant circuits were 
constructed to prevent interference or coupling with each other. The signal from each 
coil could be measured using simultaneous 90° pulses on both resonant circuits. The 
signals were then detected using separate NMR receivers; hence an instrument mod-
ification had to be made that involved incorporation of a home-built second receiver.

The data were acquired at 7.4 T, with the probe tuned to 75.44 MHz for 13C. The 
13C FIDs for two samples, methanol and carbon tetrachloride, both 99% enriched 
with 13C, were acquired simultaneously using a single transmitter pulse and separate 
NMR receivers. S/N measurements were comparable to those observed using single-
coil probes. All experiments were performed using a standard 90° pulse without 
proton decoupling. No evidence of cross talk was found in the spectra, even after 
considerable signal averaging. This probe also demonstrated the feasibility of signifi-
cant parallelism in NMR as well as its potential in high-throughput analysis.

Although the achievement of very high spectral resolution was not the primary 
aim of this work, the resolution that was obtained had proved to be a limitation. 
The experiments showed that the spectral resolution in the two coils was primarily 
limited by magnetic-susceptibility mismatches between the coils, the glass sample 
holders, and the samples. Initial attempts to use larger fill factors resulted in larger 
linewidths. Remedies to this situation were proposed that included the use of smaller 
samples and coils or the incorporation of a susceptibility-matching fluid around the 
sample region and coils [12]. A limitation to using a smaller coil with this con-
figuration would be that the LOD for non-13C-enriched samples is compromised as 
the sample sizes become smaller. Use of zero magnetic-susceptibility magnet wire 
appeared to be a more viable alternative [17].

Because multiple receivers were incorporated in this dual-coil probe design, this 
condition was viewed as a complicating design factor for multiple parallel NMR 
detection schemes. The dual probe consisted of a four-turn, 4-mm solenoid coil 
wrapped from 20-gauge insulated magnet wire with fixed tuning capacitors incor-
porated. The inductors were attached to a 30-mm-long glass tube measuring 4 mm 
OD and 2 mm ID using epoxy cement. Samples were introduced in sealed glass 
sample tubes (2 mm OD and 6 mm long). The coils were electrically isolated from 
one another by a horizontal piece of copper-plated circuit board that was grounded 
to the probe body. This prevented cross talk between the two circuits. Incorporation 
of fixed and variable capacitors was achieved by placing them in a single aluminum 
box located just below the NMR magnet to allow for easy tuning and matching of the 
circuits. The regions containing the variable capacitors were electronically isolated 
from one another by an aluminum plate. This design yielded two coils that were 
independently tunable minus deleterious coupling due to mutual inductance when 
they are tuned and matched to the same resonant frequency.
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In this work reported by Fisher et al. [17], two coils were electrically isolated from 
one another by using a copper ground plane, with the impedance-matching network 
similarly isolated. By using two independent duplexer/preamplifier stages and two 
receivers, simultaneous acquisition of two 13C spectra was possible. Although mul-
tinuclear and multiplex probe design had been achieved, the system still had not 
achieved high throughput capability.

8.4  MICROPROBES

Following the initial studies on parallel detection in early 1999, Li et al. [18] reported 
on the construction of high-sensitivity multiple-solenoidal microprobes. Solenoidal 
microcoils were employed for their high sensitivity, ease of electrical decoupling, 
and efficient use of the homogeneous region of the magnet. The design used two RF 
switches with high isolation between channels that enabled the acquisition of even 
multidimensional data sets.

Two designs for incorporating multiple solenoidal microcoils into a single probe-
head were described by Li and coworkers [18]. By combining RF switches and low-
noise amplifiers, multiple NMR spectra were acquired in the same time required 
for a single spectrum from a conventional probe consisting of one coil. This 
method did not compromise sensitivity with regard to the individual microcoils, 
and throughput was increased linearly with the number of coils. For this probe, 
only one receiver was needed, and data acquisition parameters were optimized for 
each sample.

The design as reported by Li et al. [18] consisted of a four-coil system for proton 
NMR at 250 MHz using a wide-bore magnet. This probe had an observe volume of 
28 nL for each microcoil. Signal cross contamination was ≈0.2% between individual 
coils. Simultaneous 1‑D and 2‑D spectra were obtained from samples of fructose, 
galactose, adenosine triphosphate, and chloroquine, each sample containing about 
7 nmol of compound. A more compact two-coil configuration was also reported 
for operation at 500 MHz, with observe volumes of 5 and 31 nL for the two sepa-
rate coils. Performance of this probe was demonstrated with 1‑D and 2‑D spectra 
acquired from samples of 1‑butanol (55 nmol) and ethylbenzene (250 nmol) [18]. The 
data showed minimal loss in sensitivity (<5%) compared to spectra obtained from a 
single coil, resulting in an increase in throughput effectively equal to the number of 
coils used.

Overall, the introduction of solenoidal microcoils showed that it was possible to 
acquire multidimensional high-resolution NMR spectra from multiple samples in 
the same time that it takes to acquire a single spectrum. This process combined the 
intrinsic high sensitivity of microcoils with high-throughput capacity, thus expand-
ing the capability of modern high-field NMR spectrometers. As expected, it was 
proposed that the configuration could be extended to include more than four coils 
with either multiple receivers or time-domain multiplexing into a single receiver, 
thereby further increasing the throughput advantages offered by this approach. The 
major challenges of finite space within the magnet bore and the electrical decoupling 
of a large number of coils would still need to be addressed. This is because placing 
the coils close together in the most homogeneous part of the magnet could lead to 
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degradation of spectral resolution due to perturbations in the magnetic field from the 
proximity of multiple conductor elements. In such cases, possible improvements in 
spectral resolution might require improved development of magnetic-susceptibility-
matching fluids [19].

Following the major accomplishments with multicoil probes in 1999, other multi-
ple-coil probe construction was carried out, leading to the expansion of coils beyond 
the four-coil configuration and incorporation of other probe features such as making 
probes tunable to nuclei other than 1H and 13C [20]. Likewise, the design and con-
struction of versatile dual-volume heteronuclear double-resonance microcoil NMR 
probes further improved NMR detection of mass-limited samples.

8.5  ADVANCEMENTS IN MULTIPLE-COIL PROBE DESIGN

With the advent of multiple-coil probes, numerous strategies to improve upon the 
multiple-coil probe design became apparent. Beginning with the multiple-frequency 
microcoil NMR idea, other variations or improvements were proposed. These included:

	 1.	Reducing observe volumes for mass-limited samples or increasing the 
observe volume for concentration-limited samples

	 2.	Adding different frequencies between the multiple coils for a variety of 
experiments

	 3.	 Inclusion of a lock frequency for maintaining the lineshapes for longer 
acquisitions

	 4.	Addition of sample-transfer lines for both analysis of flow samples and 
easier hyphenation of NMR with other analytical tools

	 5.	Addition of two 1H channel receivers that are configured to connect to each 
of the 1H channels of the probe (This would allow faster analysis of flow 
samples.)

In 2009, Kc et al. [21] reported the design and construction of a double-resonance 
300-MHz dual-volume microcoil NMR probe with thermally etched 440-nL detec-
tion volumes and fused-silica transfer lines for high-throughput stopped-flow or 
continuous-flow sample analysis. The probe consisted of two orthogonal solenoidal 
detection coils. Shielded inductors enabled construction of a probe with negligible 
RF cross talk. The dual probe had an upper coil tuned to 1H-2H resonant frequencies 
and a lower coil tuned to 1H-13C. A single-channel receiver was employed in the sys-
tem design. The system was able to perform 1‑D and 2‑D experiments with an active 
deuterium lock. The spectra that were obtained had acceptable linewidths with good 
mass sensitivity for both 1H- and 13C-NMR detection. A 13C-directly-detected 2‑D 
HETCOR (heteronuclear correlation spectroscopy) and INADEQUATE (incred-
ible natural abundance double quantum transfer experiment) spectra of 5% v/v 
13C-labeled acetic acid were obtained in minutes of data acquisition. Hence many of 
the challenges previously facing probe design were being solved.

In the construction of this probe, an oval sample cell was designed to improve 
the fill factor using a quick thermal-etching technique. Because the detection coils 
could be tuned to multiple resonances, it was possible to obtain homonuclear and 
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heteronuclear 1‑D or 2‑D NMR experiments for structural analysis. The 2‑D lock 
channel was incorporated into the resonant circuit of the upper coil to improve the 
lineshape for longer 2‑D acquisitions on either sample coil. This configuration was 
suited for a variety of experiments using one or both of the 1H/13C frequencies, and 
a combination of experiments could be run with or without the lock. The upper 
and lower coils were tuned and matched using a double-resonance RF design that 
features LC trap and pass elements tuned for use at 7 T. A semirigid coaxial cable 
with a 5-cm length and an outer diameter of 0.181 in was used to connect the coils 
to the rest of the resonant circuit. With this transmission line in place, the final coil/
lead inductance was measured to be approximately 100 nH. Fixed-value capacitors, 
shielded 5-mm tunable inductors, and fixed and tunable capacitors that provide tun-
ing and matching were used.

The single-coil double-resonance circuit tuned and matched to 1H and 2H fre-
quencies at 300 MHz and 46.05 MHz, respectively, or 1H/13C at 300 MHz and 75.44 
MHz, respectively, was modeled after previously reported NMR resonant-circuit 
designs [22–24]. This probe design incorporated a high-frequency trap, low-band-
pass filter, and a variable length transmission line [25, 26] that was used to tune the 
circuit and to connect the sample coil leads to the other circuit components.

Tunable nonmagnetic shielded inductors provided flexibility in tuning the trap 
and pass components to their respective frequencies, and minimized the RF cross 
talk of the components. Shielded inductors proved to be an advantageous approach 
while putting together all the tuning, matching, trapping, and passing elements for 
the four resonances in a single-probe circuit board of 38-mm circumference. A 
grounded copper sheet was placed between the two circuits to minimize the RF 
cross talk. The combination of the grounded shield and the shielded inductors was 
important in keeping the proton resonances from interacting. The detection cells 
and their transmission lines needed to be surrounded by a Delrin container holding 
FC-43 Fluorinert to reduce the line-broadening effects that can arise due to suscep-
tibility mismatching of the probe materials [12].

Measurements of the electrical performance of the probe showed good RF design 
and construction. The power isolation of any two intraports, 1H to 2H (upper coil) 
and 1H to 13C (lower coil), was measured to be less than 0.75% (≈21 dB). The power 
isolation of any two interports between the upper and lower coil was found to be less 
than 0.004% (≈44 dB). Proper intraport isolation within each coil ensures maximum 
power transfer to the sample coil from one port with minimal power leakage to the 
other port, while the proper interport isolation between upper and lower coils mini-
mizes the RF cross talk.

The probe coils were shimmed with a sample consisting of a 1:9 H2O/D2O mix-
ture, with the optimized shim center placed at the lower coil. Each coil required a 
separate set of shim values for optimal performance in linewidth. Linewidths were 
measured to be 0.8 Hz (lower coil) and 1.1 Hz (upper coil). However, these linewidths 
depended on the position of the coil in the center of the magnet. For example, when 
the upper coil was centered in the magnet, the upper coil could be shimmed to 0.8 
Hz, but the lower coil could only be shimmed to about 2-Hz linewidth without any 
distortion in the lineshape. The lock in this system was shown to have good stability.
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A 40-mM sucrose sample was used to test the 1H limit of detection (LOD). Spectra 
were obtained using solvent suppression and 30 min of data acquisition. The amount 
of material in both coils was approximately 330 pmol. This picomole detection limit 
is similar to LODs reported for previous microcoil probe efforts [27]. Using a sample 
of 5% v/v 13CH3

13COOH in D2O, the LOD for the 13CO peak at 176 ppm for this 
sample located in the lower coil was 3.5 nmol with 40-min data acquisition using 
a 1‑D 13C experiment. The 1H decoupling efficiency of the lower coil was tested 
by acquiring a standard WALTZ-decoupled 13C experiment (see Chapter 6, Section 
6.2.3, “Decoupling and Power Levels in 2‑D NMR”), which required a decoupling 
power of only 17 dB (12.6 mW) to achieve effective decoupling.

A photograph of the dual probe and an example of a 13C-directly-detected 2‑D 
HETCOR spectrum of the labeled acetic acid sample obtained from the lower coil 
are shown in Figure 8.3. Both coupled and decoupled HETCOR spectra could be 
obtained with good sensitivity and resolution in less than 5 min using thirty-two 
increments and eight scans per increment. The HETCOR plot in Figure 8.3 corre-
lates the carbon multiplet at 20 ppm to the proton multiplet at 1.5 ppm.

A phase-sensitive 2‑D INADEQUATE spectrum with 1H decoupling was also 
reported using only sixty-four increments and thirty-six scans per increment. The 
reported spectral data were processed with sine-bell apodization. A long predelay 
of 5 s had to be used to prevent overheating of both the probe and the sample during 
the long experimental period. Couplings between the two labeled 13C nuclei (Jcc) on 
the methyl and carbonyl carbons were measured to be the same value of 56.6 Hz at 
both peak positions in the F2 dimension. The sensitivity, resolution, flow design, and 
variety of 1‑D and 2‑D experiments as well as homonuclear and heteronuclear NMR 
experiments that can be performed by the dual-coil probe set the stage for a variety 
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FIGURE 8.3  (See color insert.) (a) Image of probehead showing the cell and transmis-
sion line-tuning element configuration. (b) HETCOR (coupled) spectrum of 5% doubly 
13C-labeled acetic acid acquired in <5 min (thirty-two increments and eight scans per incre-
ment). Correlation between the methyl carbon and its attached protons appears as a quartet of 
doublets. (Reprinted from Zhang, Sweedler, and Webb [21]. With permission from Elsevier.)
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of separation-based applications. Clearly, multidimensional chromatographic-NMR 
studies can be employed with this dual-coil probe either in stopped-flow or continu-
ous-flow mode. Possible uses for such a probe could include studies of metabolic elu-
ates transferred from a chromatographic column to the top coil of the probe for 1‑D 
1H characterization, while an interesting/unknown peak could be sent to the lower 
coil for multinuclear 2‑D NMR structural analysis. The probe also offers itself as 
a system for analyzing collected chromatographic bands stored in collection loops. 
The system is well positioned to interface with an automatic sample handler that 
would be able to transfer the bands to a designated coil in the dual-volume probe.

8.6  BIOLOGICAL SCREENING AND FLOW NMR

An interesting application of a dual-flow NMR system has been employed in a bio-
logical screening process that utilizes NMR to determine the binding affinities of 
weakly binding low-molecular-weight compounds (fragments) for a particular bio-
logical target. The technology was applied to a process, known as fragment-based 
drug discovery (FBDD), which has become a widely accepted tool that is comple-
mentary to a biological or mass-spec based high-throughput screening (HTS) in 
developing small-molecule inhibitors of pharmaceutical targets.

Unlike conventional screening methods that search for molecules with high bind-
ing affinity for a particular target, the FBDD method is sensitive to weak target bind-
ers. This fragment approach is similar to the first NMR fragment screen, which was 
based upon the premise that small molecular scaffolds with weak binding affinity 
for a target may be synthetically modified using either structure-based approaches 
or via combinatorial or parallel synthesis to ultimately generate a potent biological 
inhibitor. In this area, NMR plays a particularly important role because of its ability 
to identify weakly binding ligands [28].

Originally described as SAR by NMR [28], screening for simple, low-affin-
ity ligands as starting points for drug discovery has been recognized as a viable 
approach. The fragment-based approach (FBA) has been successfully employed to 
generate small-molecule inhibitors of pharmaceutical targets that were not found 
using conventional high-throughput screening (HTS) approaches. Some of the suc-
cesses from the fragment-based approach include developing new chemical scaffolds 
for targets that yielded limited or no chemical candidates from HTS [29], identifying 
true hits by analysis of compounds from other screening campaigns to remove false 
positives [30] and identifying small-molecule inhibitors of protein–protein interac-
tions [31]. The fragment-based approach is particularly attractive from the stand-
point of being able to design ligands that possess druglike properties as described 
in Lipinski et al.’s “rule of five” [32]. Therefore, FBA holds the promise to deliver 
compounds with higher solubility, bioavailability, and lower toxicity, thus increasing 
the likelihood that a drug candidate will successfully complete a clinical trial in the 
drug development process.

Because NMR-based ligand screening has gained considerable recognition for 
its high potential in the early stages of drug discovery, different types of NMR 
screening methods were developed. To this end, a method was developed that 
makes efficient use of a single sample of a scarce target, or one with poor or 
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limited solubility, to screen against an entire compound library. The compara-
tive method is based on immobilizing the target for the screening procedure. To 
achieve this screening process, a dual-cell, flow-injection probe with a single 
receiver coil was constructed. The flow-injection probe was interfaced with a sin-
gle high-performance pump and sample-handling system to enable the automated 
analysis of large numbers of compound mixes for binding to the target. The probe 
used in this process contains an 8-mm 1H/2H dual-tuned coil, triple-axis gradients, 
and was easily shimmed. NMR spectra of comparable quality to a standard 5-mm 
high-resolution probe were reported with this probe. The lineshape in the presence 
of a solid support shows identical quality relative to that obtained in glass NMR 
tubes in a 5-mm probe. Using this dual-flow probe, ligand binding in a complex 
mixture could be readily detected in ≈30 min and was readily applied to drug 
discovery efforts.

The ligand-screening method, called TINS (target immobilized NMR screen-
ing), reduces the amount of target required for the fragment-based approach to drug 
discovery [33]. Binding is detected by comparing 1‑D 1H-NMR spectra of compound 
mixtures in the presence of a target immobilized on a solid support to a control 
sample. The screening process employs a probe that was developed and designed to 
be used with the TINS method, but with the performance features of probes typically 
used in high-resolution NMR. The probe was built for a 500-MHz spectrometer as 
an 8-mm selective probe with one RF coil. The coil is double tuned for proton (1H) 
observation and decoupling with a deuterium (2H) lock channel. The probe contains 
a saddle-coil geometry to take advantage of the vertical magnet for inserting and 
ejecting the sample and was built with a Q-factor of 247 on the 1H channel. Because 
the RF circuitry was selected to achieve RF equivalency to a high-resolution NMR 
probe, special measures were taken in selecting low-susceptibility and/or suscepti-
bility-compensated materials for the coil and adjacent components. The shim prop-
erties of the probe were reported to be similar to those of a 500-MHz high-resolution 
probe. The probe also contained triple-axis XYZ gradients.

Probe performance was initially assessed using a suite of tests with standard 
NMR samples in an 8-mm sample tube. The lineshape test revealed an overall per-
formance of the 8-mm probe comparable to a high-resolution 5-mm probe, and the 
sensitivity was considerably better. In addition, water suppression, which is a major 
factor in the acquisition of NMR data of biological samples in H2O/D2O mixtures, 
gave excellent results.

The fluid flow path consisted of a single pump that was compatible with the avail-
able controlling software (Bruker-Biospin, HyStar, version 3.1). An HPLC pump was 
used, operating at a moderate flow rate of up to 2 mL/min with backpressure of 
60–90 bar. A flow splitter was placed downstream of the HPLC pump. In order to 
minimize potential differences in flow over the two cells of the sample holder, PEEK 
tubing with an inner diameter of 90 µm was used. At a flow rate of 0.5 mL/min, this 
tubing was found to generate backpressure of about 59 bar, while the sample holder 
filled with resin generated less than 1 bar. With this configuration, even if one of 
the cells is poorly packed, resulting in a twofold increase in backpressure, there is 
less than 2% difference in flow over the cells. Considering the width of the peak of 
mixtures flowing through the system, this difference can be easily accommodated, 
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thereby ensuring that each cell is optimally equilibrated for every experiment. Two 
sample loops of 400 µL followed after the flow splitter. The loops were controlled 
by a two-way valve that alternately places the loops in a serial- or parallel-flow con-
figuration. When configured for serial flow, the loops are overfilled with 0.95 mL 
of the compound mixture using a standard liquid handler (Gilson 215 autosampler). 
Automated valve switching returns the loops to parallel flow for sample injection. 
Timing of the delivery of the sample to the cells was calibrated by following the 
amplitude of the water signal in each cell using a 1‑D imaging-type experiment.

Upon delivery of a sample to the flow cell, the flow is stopped and the NMR 
data are acquired. The sample is then washed with 900 µL of buffer per cell (which 
was 4.5 times the cell volume) to ensure that the chamber is purged of the previous 
sample components. With this application, care must be taken to keep air out of the 
system, since this could lead to various problems with the resin in the cells including 
cracking or increased susceptibility mismatch leading to line broadening. Following 
the wash cycle, the flow cells are then ready to repeat the sample-delivery cycle. The 
entire process for this system was manufactured by Bruker-Biospin and, hence, is 
under control of HyStar software, which can interface with automation software to 
automate the complete process of sample injection and NMR acquisition.

The key element of the system is the dual-cell sample holder. A number of fac-
tors had to be considered when designing the sample holder. First, the geometry of 
the cells must not generate broad resonances while at the same time maximizing the 
volume of each sample. Next, the geometry of the cells had to show minimal signal 
cross talk using only standard triple-axis gradient hardware (50 G/cm). Finally, it 
was necessary to be able to open the sample holder in order to fill and empty the 
cells with the solid support for the immobilized target. Because the sample holder 
needed to be opened to insert solid support, glass was not a practical option. Instead, 
a machined cylinder of KelF (8 mm in diameter) was used. Two cylindrical holes of 
3.2 mm were bored out to form the individual cells that hold the solid support. Each 
cell contained a volume of approximately 190 µL, of which 135 µL was active vol-
ume within the coil when placed inside the probe. Smooth fluid flow was achieved 
by tapering the cells toward the end that was formed by a porous frit designed to 
retain beads of at least 50 µm in diameter. The sample holder used standard threads 
for PEEK fittings and tubing.

To enable the cells to be filled with the solid support, a reservoir was designed that 
mounts onto the sample holder in place of the cap. A 50% slurry of the solid support 
may be transferred via pipette into the sample holder/reservoir combination. After 
settling, the reservoir can be attached to an HPLC pump and the resin in each cell 
simultaneously packed under pressure using the flow splitter [34]. A diagram of the 
system is shown in Figure 8.4.

The binding integrity of the target in the TINS method was validated by the 
detection of a variety of ligands for protein and nucleic acid targets (KD from 60 to 
5000 µM). The ligand-binding potency of a test biological target was found to be 
undiminished even after 2,000 different compounds had been applied. These stud-
ies showed the potential to apply the assay for screening typical fragment librar-
ies. TINS can be used in competition mode, allowing rapid characterization of the 
ligand-binding site. A very important application of the TINS technology is that 
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it provides a means of screening of targets that are difficult to produce or that are 
insoluble, such as membrane proteins.

Because a fragment campaign can only be successful if true binders are discovered, 
TINS was evaluated against established methods. Three commonly used methods for 
hit discovery in FBDD: high-concentration screening (HCS), solution ligand observed 
nuclear magnetic resonance (NMR), and surface plasmon resonance (SPR) were used. 
For the NMR screening, the commonly used saturation transfer difference (STD) 
NMR spectroscopy and the proprietary target immobilized NMR screening (TINS) 
were compared. Using a target typical of FBDD campaigns, it was shown that HCS 
and TINS were the most sensitive to weak interactions. It was also found that a good 
correlation between TINS and STD for tighter binding ligands existed, but the ability 
of STD to detect ligands with affinity weaker than 1 mM KD was poor. Similarly, it 
was found that SPR detection is most suited to ligands that bind with KD stronger than 
1 mM. In addition, the good correlation between SPR and potency in a bioassay made 
this a good method for hit validation and characterization studies [33].

The initial test system for TINS used the well-characterized binding of spermi-
dine to the phosphate backbone of DNA [35]. A 5″ biotinylated oligonucleotide was 
synthesized and immobilized on streptavidin Sepharose. Two samples of streptavi-
din Sepharose in standard NMR tubes were prepared, one of which contained the 
5″-biotinylated oligonucleotide. Control and experimental resins were equilibrated 
with the mix of compounds, and 1‑D 1H spectra of each were recorded. Subtraction 
of the spectrum recorded in the presence of the oligonucleotide from the control 
spectrum yielded the TINS spectrum (Figure 8.5). This spectrum contained only 
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FIGURE 8.4  (See color insert.) Liquid path for the TINS ligand-screening apparatus. 
(a) The automation system includes an HPLC pump that splits the flow in two. An autosam-
pler loads the compound cocktail to be tested into two loops that alternate between serial and 
parallel flow. Each mix of test compounds is injected in serial into the two loops. The valve is 
then switched, and the contents of each loop are injected in parallel into the dual-cell sample 
holder, which is placed in the NMR probe for the duration of the screening process. (b) An 
illustration of the dual-cell sample holder. (Reprinted from Marquardsen et al. [34]. With 
permission from Elsevier.)
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resonances of spermidine, known to bind the phosphate backbone of DNA. The 
affinity of the purely electrostatic interaction is highly dependent on salt concentra-
tion and pH [35]. Under the conditions used, the spermidine binding was expected to 
be weak (KD ≈ 5 mM). The presence of multiple binding sites (about nine per DNA 
molecule) ensures that the binding equilibrium was shifted toward the complex. The 
spermidine–DNA interaction demonstrates that weak binding of one compound in a 
mixture to an immobilized target can readily be detected using simple, static NMR 
methods [36].

TINS ligand screening was also assessed against the ability to immobilize func-
tional Escherichia coli membrane proteins, DsbB and OmpA, and the stability of 
such an immobilized preparation [37]. Although biophysical methods had already 
been successfully applied to a number of soluble protein targets [28], there still 
remained obstacles when screening technologies such as SAR by NMR were applied 
to membrane proteins. The reasons for this failure are twofold. First, insufficient 
quantities of the target membrane proteins can be mass-produced. Second, there are 
problems related to the solubilization of the protein and appropriate media to enable 
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FIGURE 8.5  (a) 1‑D 1H spectra of a mixture of small compounds in the presence of an 
immobilized oligonucleotide. The 1H spectrum of a mixture of 1 mM for each of the fol-
lowing: imidazole (Im); phosphotyrosine (pY); arginine (R); and spermidine (Sp) in 25-mM 
Tris-d11 (pH 7.5) and 140-mM NaCl dissolved in D2O. (b) The same mixture equilibrated 
with streptavidin Sepharose. (c) The same mixture equilibrated with streptavidin Sepharose 
to which a 5¢ biotinylated, double-stranded oligonucleotide was bound. All 1H-NMR spectra 
were recorded with identical parameters (9.4 T, 256 transients, total time »4.5 min). (d) The 
difference spectra (b) and (c) showing only peaks from spermidine, a known binder of the 
DNA backbone. (Reprinted from Vanwetswinkel et al. [36]. With permission from Elsevier.)
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solubilization without compromising function. While standard biophysical meth-
ods for screening proteins require tens or even hundreds of milligrams of purified, 
functional protein, most membrane proteins are difficult to produce in these quanti-
ties, and once produced, it is difficult to retain their functional stability. Although 
advances in membrane protein production have enabled the production of low-milli-
gram quantities of a variety of membrane proteins [38–40], the proteins that can be 
produced in sufficient quantity need to be solubilized in a surfactant that maintains 
their functional state. This process can be difficult to achieve. Attempts to screen 
ligands against membrane proteins also resulted in nonspecific partitioning of frag-
ments into the surfactant, leading to high levels of false positives.

Because the use of detergent micelles to solubilize membrane proteins has only 
met with limited success in retaining the native function of the protein, and since the 
use of micelles can interfere with biophysical assays, an alternative solution needed 
to be devised. A solution to this dilemma was to employ nondetergent media to 
functionally solubilize membrane proteins. The nanodisc (ND) was developed as 
a surfactant-free approach to solubilize membrane proteins. NDs consist of a lipid 
bilayer that is surrounded by an amphiphilic α-helical membrane scaffold protein 
(MSP). A variety of proteins have been functionally solubilized in NDs [41–43], 
which are much better mimics of the native state of the protein.

To test the TINs technology with a membrane protein, a pharmaceutical target 
was selected that could be functionally solubilized in detergent micelles and NDs. 
The inner membrane protein of E. coli disulfide-bond-forming protein B (DsbB)—
and its homologs in other Gram-negative bacteria—was chosen because of its oxi-
doreductase functionality that is essential for protein disulfide bond formation in the 
periplasm [44]. The periplasmic DsbA functions as the catalyst for protein disulfide 
bond formation. DsbA is reoxidized by DsbB, with concomitant reduction of bound 
ubiquinone or menaquinone. Because bacterial virulence factors are secreted pro-
teins that require disulfide bonds for proper folding and function, the DsbA/DsbB 
system was identified as a potential antimicrobial drug target [45–47].

Another reason the DsbB membrane protein was an ideal candidate to test the 
TINS methodology was because it could be biosynthesized in large quantities. In 
addition, the solubilization of this protein in detergent micelles does not inhibit the 
enzymatic activity. This activity can be readily checked through screening assays. 
This target has also been extensively studied, and reports on the biochemical data 
that describe the enzymatic activity of the wild type as well as numerous relevant 
mutants are known [44, 48–50]. This membrane protein has also had 3‑D structures 
generated for wild-type DsbB bound to its redox partner DsbA [51], and structures of 
a mutant representing an enzymatic intermediate are available [52].

In TINS, binding of a fragment was described using a T/R (target/reference) 
ratio, defined as the average ratio of the amplitude of peaks in the presence of 
the target, which in this study was DsbB, to that in the presence of the reference, 
OmpA. Binding studies were conducted that showed this membrane protein’s func-
tionality and stability remained relatively constant throughout the screen that was 
completed in ≈6 days.

The fragment library was screened for binding to DsbB at 500 mM each. A total 
of 182 mixtures was used. A spatially selective Hadamard NMR experiment [10] 
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was used to simultaneously acquire a 1‑D 1H spectrum of compounds in the pres-
ence of DsbB/DPC or OmpA/DPC. Interpretation of this data had the advantage 
that deconvolution was not necessary to discern protein binding. This was because 
fragments could be directly identified by comparing peaks from TINS spectra with 
reference spectra of the individual fragment [37]. The screen resulted in ninety-three 
hits for DsbB, defined as fragments that had a T/R ratio less than 0.3, as shown by an 
example of a mix containing two hits in Figure 8.6.

To avoid the possibility of false positives in the biochemical assay, thirteen frag-
ments showing strong inhibition in the single-concentration-point assay were selected 
for further analysis. These thirteen fragments were assayed for potency (IC50, half 
maximal inhibitory concentration) by dose-response experiments (Figure 8.7). Dose-
response experiments were carried out with increasing fragment concentrations, 
ranging from 0.0001 to 10 mM, while both DsbA and UQ1 (a known binding ligand) 
were kept in excess. UQ1 was used to monitor the activity integrity of the protein 
over the course of the experiment. Three of the thirteen fragments were found to be 
false leads and showed signs of protein precipitation at higher compound concen-
tration and/or steeper-than-expected Hill coefficients. The remaining ten fragments 
titrated over 2 Log orders and exhibited a Hill coefficient close to unity.

8

(e)

(d)

(c)

(b)

(a) E

D

6 4 2 [ppm]

FIGURE 8.6  (See color insert.) Detection of ligand binding to immobilized DsbB using 
TINS. The 1‑D 1H-NMR spectra of three different fragments in solution (a–c) are shown 
for reference. (d) The 1H-NMR spectrum of a mix of the three fragments in the presence of 
DsbB/DPC (red spectrum) or OmpA/DPC (blue spectrum) that have been immobilized on 
the Sepharose support. (e) The spectra of the same mix recorded in the presence of DsbB/
ND (green) or DsdB/ND (magenta). The asterisk indicates the resonance from residual 1H 
DMSO, and the bracket shows residual sugar 1H resonances from the Sepharose media. The 
residual H2O resonance at 4.7 ppm has been filtered out. (Reprinted from Fruh et al. [37]. 
With permission from Elsevier.)
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These criteria were used as an indication that each of the ten binding ligands 
was a reversible inhibitor with a 1:1 stoichiometry. The eight most potent com-
pounds exhibited IC50 values between 7 and 170 mM (weak binders) and consisted 
of a variety of different synthetic templates. The calculated binding-efficiency index 
[53] indicated that these fragments were excellent starting points for hit-to-lead pro-
grams. Hence these results were able to clearly establish the feasibility of using a 
fragment-based approach for finding starting compounds for subsequent develop-
ment of candidates targeting membrane proteins.

A second study involved use of the micelle-solubilized β1-adrenergic StaR 
(β1AR) and was based on direct covalent attachment using Schiff-base chemistry. 
About 80% of the n-dodecyl-β-D-maltopyranoside (DDM)-solubilized β1AR was 
immobilized and, subsequently, unreacted aldehydes on the resin were blocked using 
deuterated Tris buffer. The immobilized protein was assayed for functionality by 
binding of [3H]-dihydroalprenolol, a well-characterized, high-affinity ligand that 
binds with 1:1 stoichiometry. Measurement of [3H]-dihydroalprenolol binding after 
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of an inhibition curve used to determine the IC50 for compound 2. The curve represents the 
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pounds are shown with their respective IC50 values. (Reprinted from Fruh et al. [37]. With 
permission from Elsevier.)
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immobilization showed that ≈100% of the immobilized receptor was functional. 
After four days, ≈50% of the immobilized receptor remained functional for high-
affinity ligand binding if stored at temperatures up to 10°C.

For assays such as TINS, in which the target is reused, the need to monitor pro-
tein viability is imperative. Therefore, it becomes necessary to have a known ligand 
that can be readily removed without denaturing the protein as a test compound. 
Accordingly, the affinity of both dopamine and dobutamine were investigated as 
potential test inhibitors for β1AR, since these two compounds are on the biosynthetic 
route to epinephrine. Binding assays for both dopamine and dobutamine showed 
that they inhibited dihydroalprenolol binding with IC50s of 60 mM and 0.60 mM, 
respectively. In order to determine the feasibility of detecting weak ligand binding 
to immobilized β1AR, dopamine binding was examined using the TINS assay. The 
TINS method [36] uses a reference protein to cancel out nonspecific binding, thereby 
reducing the hit rate of false positives. The immobilized proteins, target and refer-
ence, were packed into separate cells of a dual-cell sample holder [34] and placed 
inside the magnet. OmpA was determined to be an appropriate reference for micelle-
solubilized membrane proteins and, therefore, was used.

For this study with β1AR, the binding assay was conducted by injecting mixtures 
of compounds into both cells simultaneously. The flow was stopped at a predeter-
mined point when the sample entered the flow cell. A spatially selective 1‑D 1H 
Hadamard experiment [10] was used to acquire an NMR spectrum of the compounds 
in solution. Since the NMR relaxation of a spin is approximately 1,000 times faster in 
the solid state than in solution, strong binding of a ligand to the immobilized protein 
should result in the complete disappearance of resonances from the bound molecule 
in the NMR spectrum. Therefore, various binding strengths could be detected as a 
reduction in the amplitude of the signals from the compounds bound to the target 
relative to those in the presence of the reference.

Specific binding of dopamine was assayed to immobilized β1AR using immo-
bilized OmpA as the reference protein. The amplitude of all of the NMR signals 
from dopamine was significantly reduced in the presence of β1AR, while the signals 
derived from soluble DDM was the same in both samples. This data showed that 
TINS is capable of detecting weak but specific binding typical of fragments. It was 
estimated that approximately ten compounds at a time could be screened with TINS. 
Under these conditions, a throughput of about 500 compounds per day could be real-
ized. With the rate determined, it was estimated that a library of 5,000 compounds 
could be screened in about ten days.

8.7  NMR AND MICROREACTORS

Microreactors enable the use of minimal amounts of reagents under precisely con-
trolled conditions; hence they are well suited to rapidly screen reaction conditions 
and kinetics studies [54]. A report by Kakuta et al. [55] described the coupling of a 
micromixer and a solenoidal NMR microcoil, having a detection volume of 800 nL, 
to study methanol-induced conformational changes of ubiquitin on a time scale of 
seconds. Ciobanu and coworkers [56] used a multiple-microcoil NMR setup to study 
the kinetics of D-xylose-borate reaction by NMR spectroscopy. Two reagents were 
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mixed in a Y-shaped mixer, then passed through a capillary around which three iden-
tical solenoidal microcoils (each of which had a detection volume of approximately 
31 nL) were wrapped. The reaction times were calculated based upon the combina-
tion of the flow rates and the distance between the mixer and each NMR microcoil. 
Bart et al. [57] employed a glass microreactor coupled to a strip-line NMR chip 
with a detection volume of 600 nL for the real-time monitoring of the acetylation of 
benzyl alcohol with acetyl chloride in the presence of N,N-diisopropylethylamine. 
The 1H-NMR spectra recorded using continuous flow allowed for the detection of 
reaction intermediates, which were almost unobservable when the reaction was per-
formed in a 5-mm NMR tube.

Microwave-assisted continuous-flow organic synthesis was also reported where 
the flow system was hyphenated with nanoliter-volume NMR spectroscopy. This 
combination appeared to be a promising tool for the rapid optimization of reaction 
conditions [58]. In this experiment, a fused-silica capillary was wrapped around a 
Teflon bar, yielding a reaction volume of 1.6 μL, and coupled to a microfluidic NMR 
chip equipped with a planar transceiver microcoil (with a detection volume of 6 nL). 
A Diels-Alder cycloaddition was chosen as a model reaction, and the conversion was 
calculated at three different temperatures. Because the volume of the NMR chip was 
much lower than the microwave reaction volume, the latter could be divided into sev-
eral zones. Under flow conditions, each of the zones was exposed to the microwave 
irradiation for different times. By choosing the appropriate flow rate and the NMR 
acquisition parameters, the necessary data points for determining the conversion 
were obtained in a single constant-flow experiment.

A fully integrated microreactor chip/microcoil NMR setup was reported by 
Wensink et al. [59] for a kinetic study of the imine formation from aniline and benz-
aldehyde by 1H-NMR spectroscopy at 1.4 T. A planar microcoil was integrated on 
top of a microfluidic chip containing two inlets, a mixing zone, a detection zone, and 
one outlet. The total channel volume between the mixing point and the coil was 0.57 
μL, and the detection volume was 56 nL. The residence time in the detection volume 
ranged from 0.9 s to 30 min, depending on the flow rate.

The combination of chip-based microfluidics with NMR was initially reported by 
Trumbull et al. [60], who integrated a planar NMR coil on a capillary electrophoresis 
(CE) chip. These authors showed 1H spectra of a 30-nL water sample acquired at 
250 MHz with a frequency-domain S/N of 23.5 per scan and a minimal linewidth of 
1.39 Hz. Comparable results have been reported showing a S/N of 117 per scan, but 
with a large linewidth of 30 Hz for 30 nL of water in a micromachined glass chip 
with integrated microcoil, acquired at 300 MHz [59]. The main factor that limits the 
performance of micromachined NMR probes in terms of sensitivity and spectral 
resolution was identified to be probe-induced static magnetic-field inhomogeneity, 
and routes for improvement were proposed in the areas of probe design and materi-
als, magnetic-field shimming, and signal processing [61].

8.8  SIGNAL-TO-NOISE RATIO (MICROCOILS)

For an optimal signal-to-noise ratio (S/N), the planar microcoil has to be properly 
designed. The parameters that define the coil are the number (N), width (w), height 
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(h), and separation (s) of the coil windings. In addition, the inner diameter (ri) has to 
be optimized (see Figure 8.8).

Different effects contribute to and detract from the optimization. For example, 
increasing the number of coil windings will increase the signal level but will also 
increase the coil resistance and, hence, the noise level will increase. It is difficult 
to calculate which parameters yield the maximum S/N, because the coil resistance 
depends nonlinearly on the number of coil windings due to the frequency-dependent 
skin effect and a proximity effect from the neighboring coil windings.

It has been reported that the optimum coil geometry may be determined by 
using finite-element simulations [62]. The design rules that govern this work may be 
described as follows:

	 1.	The windings and the separations between the windings should be as small 
as possible; this puts demands on the tolerances of the microfabrication 
process.

	 2.	The coil height has only a small influence on the resistance and should be 
about 20 to 50 mm.

	 3.	The inner coil radius should match the average radius of the sample volume 
to obtain a high filling factor.

	 4.	Although there is no general rule to determine the optimal number of wind-
ings, it should be determined by simulations for specific coil shapes.

	 5.	A simple model of a planar microcoil can be derived such that S/N scales 
with the inverse of the distance between the NMR detection coil and the 
sample, and that distance should be as small as possible.

Spectral resolution has a high dependence on the homogeneity of the magnetic 
fields over the interrogated NMR sample volume. It is known that materials intro-
duced in a homogeneous field will distort the magnetic field. Exceptions occur when 
the magnetic permeability of the material matches the magnetic field. Materials such 
as glass and copper will disturb the homogeneity of a magnetic field, which can lead 
to a decrease in the spectral resolution. This is a typical problem for NMR detection 
on a chip, where the volume of glass surrounding the sample is large on a microchip 
relative to a conventional 5-mm NMR probe. These field distortions are exacerbated 
by abrupt changes in material geometry near the NMR detection area. To avoid this 
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FIGURE 8.8  Schematic cross section of the microcoil with three windings on top of a 
microfluidic chip. (Reproduced from Wensink et al. [59]. With permission of the Royal 
Society of Chemistry.)
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problem, it was recommended that electrical and fluidic connections be placed away 
from the detection area. Although the fluidic channel that contains the sample will 
also disturb the magnetic field, for reasons of sensitivity, this needs to be close to the 
detection coil.

Two approaches to maintain a homogeneous field inside the sample volume of 
interest have been proposed. The first approach is based upon simulations indicating 
that the field inside a spherical or cylindrical volume will be very homogeneous [61, 
63]. A second approach involved placing a straight channel in line with the magnetic 
field. Field disturbances created by the ends of the channel will not affect the central 
region of the sample chamber, where the detection coil is placed. The straight-chan-
nel approach has the advantage that it is easier to fabricate on the microscale than 
perfectly spherical or cylindrical channels.

An example of the successful use of this technology involved monitoring a reac-
tion in which an imine (Schiff base) formation took place (see Figure  8.9). This 
reaction had been performed previously using a microfluidic chip. However, in the 
previous work, the reaction was analyzed by mass spectrometry [64] as well as 
Raman microscopy [65].

For the NMR study, the chip inlets were connected to two 100-µL syringes con-
taining 4.95-M benzaldehyde and 0.475-M tetramethylsilane (TMS; NMR reference) 
in deuterated nitromethane (CD3NO2) and 4.95-M aniline and in 0.523-M TMS in 
CD3NO2, respectively. Imine spectra in Figure 8.10 show the 1H-NMR spectra of the 
individual solutions measured in the chip.

Because of the high concentrations used for the reactant materials, a substantial 
amount of water was formed during the reaction. Since water is immiscible with 
the high organic content in the sample, it migrated to the channel walls, particu-
larly at the corners. Therefore, a high-flow-rate flush was applied between the scans 
to prevent the dominance of water resonance in the 1H spectra. After flushing, the 
flow rate was returned to a lower value to achieve the desired residence time. The 
measurement procedure required that the two reactants be loaded in the chip with a 
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FIGURE 8.9  Reaction of reactants (a) benzaldehyde and (b) aniline to form (c) imine 
product.
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chosen flow rate. The flow rate determines the residence time in the channel section 
between the mixing point and the detection area, and this residence time is taken 
as the reaction time. An NMR scan was taken with an acquisition time of 0.2 s and 
2,000 data points followed by a delay between scans. The delay time had to be scaled 
with the flow rate to ensure new sample in the detection volume, with a maximum 
delay time of 10 s. A total of thirty-two NMR acquisitions were averaged for each 
reaction measurement.

Analysis of the reaction kinetics focused on two rather broad peaks by conven-
tional NMR standards. These resonances were the aldehyde peak of benzaldehyde 
at 9.9 ppm and the imine peak of the product at 8.4 ppm. The results showed an 
increase of the imine peak and decrease of the aldehyde signal with increasing resi-
dence time. The peak area of the two peaks of interest was calculated to follow the 
course of the reaction. The conversion of the reaction was plotted as the ratio of each 
peak area to the sum of both peak areas, as a function of the residence time. The 
results showed a fit with a second-order rate equation, a rate constant of 6.6 × 10−2 
M−1 min−1, and a correlation coefficient of 0.93. The reaction shown in Figure 8.9 was 
also carried out in a conventional 5-mm probe using a 400-MHz NMR spectrometer 
and the same concentrations as used in the chip. The reaction was followed by taking 
a single scan every 5 s, and the experiment was repeated three times. For the tube-
based study, the second-order rate constant was found to be (3.35 ± 0.05) × 10−2 M−1 
min−1. This value is consistent with the values measured by Raman spectroscopy 
for imine formation (in chloroform) [66]. When compared with the reaction rate 
constant obtained in the microchip, there is a twofold increase over the larger-scale 
system. This result was attributed to an improved mixing performance in the chip.

The degree of mixing may be described as the penetration depth for diffusion (PDD) 
of a species from one liquid to another. For a simple 1‑D diffusion model without 
chemical reaction, the PDD is equal to 2Dt , where t is the time of contact of the two 
liquids and D is the diffusivity of the species of interest. The diffusivity of the reac-
tants benzaldehyde and aniline is 1.5 × 10−9 m2 s−1 and 1.96 × 10−9 m2 s−1, respectively 
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FIGURE 8.10  1H-NMR spectra of the individual solutions analine (top) and benzaldehyde 
(bottom) measured in the chip. Spectral resolution is completely determined by magnetic-
field inhomogeneity in the chip. (Reproduced from Wensink et al. [59]. With permission of 
the Royal Society of Chemistry.)
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[67]. Since the time needed for complete mixing in a 160-µm wide channel would be 
estimated at about 2 s, then the mixing in the microcell can be considered to be nearly 
instantaneous in the time range in which the reaction kinetics were measured. The 
reaction time range was comparable to that reported by Kakuta et al. [68], who used a 
mixing time of 1.4 s. Hence this work demonstrated that monitoring a simple chemi-
cal reaction on the microscale was possible; however, corrections need to be made for 
comparisons with reaction rates from larger vessels. Improvements of this chip would 
include adding extra functionality such as mixers and heaters.

It is also possible that 2‑D homonuclear pulse sequences, like COSY and NOESY, 
may be used with the system. In fact, a basic 2‑D COSY experiment with 13C-labeled 
acetic acid on a microfluidic chip with an integrated Helmholtz microcoil (i.e., a dual 
microcoil) has been demonstrated [63].

Additional functionality that can aid in the measurement of reaction kinet-
ics could be the implementation of two or more coils at different positions along a 
microchannel. A configuration reported by Ciobanu et al. [56] involved wrapping 
three solenoidal microcoils at different locations around a flow-through capillary. 
These researchers studied xylose–borate reaction kinetics as their model system. 
The reactants in this method were kept in separate containers and then were rapidly 
mixed together using a Y-mixer. After mixing, the solution was pumped through 
the microcoils while NMR data were being acquired. The mixture passed through 
a capillary around which were wound multiple, physically distinct NMR detector 
coils. The distance between the mixer and each individual NMR coil, together with 
the flow rate used, determined the postreaction time point being measured in each of 
the coils. Signal averaging could be performed for as long as necessary to obtain an 
adequate S/N, because the time of the data measurement and the reaction time are 
decoupled through the continual mixing and flow achieved with this experimental 
method. However, if a longer total data-acquisition time is needed, then more reac-
tants would be needed to feed the flow stream. The use of multiple small-volume 
microcoils, however, minimizes the amount of reactants.

The design of the NMR probe used in this study consisted of three identical 
370-µm-diameter solenoidal RF microcoils, constructed of 50-µm copper wire 
wrapped around polyimide tubing. Each coil was about 1-mm long and had sev-
enteen turns. The sample flowed through a 200-µm-ID capillary, which resulted 
in a detection volume of approximately 31 nL. The three-coil-probe assembly was 
immersed in FC-43 susceptibility fluid to minimize susceptibility-mismatch distor-
tions. Linewidths at half height of 1–2 Hz were obtained for HDO (2% H2O in D2O) 
for each single coil. Simultaneous data acquisition performed by using optimized 
shimming for all three coils yielded linewidths of approximately 4–6 Hz.

Experiments were performed in which an initial borate concentration was higher 
than the d-xylose concentration to enable examination of only 1:1 complexes of 
borate and xylose. As the reaction progresses, a decrease in the height of the α and β 
anomeric protons and the appearance of a new peak at 5.55 ppm become apparent. 
NMR data corresponding to successive reaction times were recorded independently 
and simultaneously with all three RF coils. When the data from all three coils were 
examined, it was found that the ratio of peak heights (anomeric proton of prod-
uct/anomeric proton of starting material) relative to time were identical for spectra 
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obtained from all three coils, thus validating the use of distinct NMR coils at mul-
tiple locations along the capillary/reaction-time coordinate.

8.9 � MICROPROBE DESIGN (MICROCOIL/
MICROSLOT/MICROSTRIP)

While the performance of the microchip for NMR spectroscopy was adequate for the 
relatively simple imine-formation reaction kinetic study, where low-molecular-weight 
species at high concentrations were studied, to work at more practical concentrations and 
with more complex molecules will require vastly improved spectral resolution. Since in 
the present design the spectral resolution is completely determined by magnetic-field 
inhomogeneity in the chip, improving the design of the chip is a primary goal.

The planar designs for microprobes need to be evaluated with respect to their 
orientation in the magnetic field. The capillaries in microstrip or microslot probes 
can be oriented parallel to B0 because of their planar design. Figure 8.11 shows the 
magnetic fields created by the NMR magnet, B0, the microstrip, B1, and the current 
running through the separation capillary during a separation, B2, for both a solenoi-
dal microcoil (Figure 8.11a) and a microslot (Figure 8.11b) [69].

Since the direction of B2 is perpendicular to B0 for the microslot, the separa-
tion current should not contribute to the inhomogeneity of B0. When compared with 
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FIGURE 8.11  Illustrations of (a) a solenoidal microcoil and (b) microslot. The direction of 
the magnetic fields created by the coil or slot (B1), the current running through the separation 
capillary during a separation (B2), and the magnet (B0) are shown. (Reproduced from Jones 
and Larive [69]. With permission from Springer Science and Business Media.)
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solenoidal coils, better quality spectra would be expected. Experiments coupling CE 
and cITP to microstrip or microslot NMR probes should be able to experimentally 
verify this hypothesis.

The planar design of microstrip and microslot probes makes them amenable to 
coupling to lab-on-a-chip applications. Kentgens and coworkers [70] have demon-
strated that microfluidics can be readily bonded to microstrip and microslot chips 
without compromising the electrical properties of the chip.

Because lab-on-a-chip devices have been gaining increased importance in com-
mercial development for a wide range of chemical and biochemical studies, the incor-
poration of this technology into NMR systems could represent a major breakthrough 
in the tools available for chemical and structural elucidation. A promising feature of 
the microstrip and microslot probe designs is the ease with which they may be built. 
In fact, these microstrip and microslot probes can be produced using well-established 
lithographic methods, making them amenable to facile production in a commercial 
design process. Relative to solenoidal microcoils, which can undergo automated fab-
rication, such coils are still often hand wound by skilled probe engineers. A fabri-
cation difference between the microstrip probe and the microslot probe is that the 
microstrip probe may be constructed using only a single-layer lithographic process 
and, hence, offers a full range of scalability. For the microslot probe, however, scal-
ability is limited by the laser wavelength used to create the slot in the microstrip.

As noted previously, the microprobes hold great promise in reaction monitoring, 
even allowing multiple reactions to be monitored simultaneously with a single NMR 
spectrometer. A major advantage of the microprobes is their high mass sensitivity. 
When combined with their microsize, reaction monitoring can be performed using 
small amounts of compounds.

Even though microcoils are attractive in terms of sensitivity and excitation band-
widths, they have not been enthusiastically embraced as a general tool in mainstream 
NMR research. One main reason is due to the compromises that must be made in 
spectral resolution.

In NMR probe design, high-sensitivity demands a high filling factor, so the sam-
ple needs to be in close contact with the RF coil. In general, the magnetic suscep-
tibility of the metal wire will be different from that of the coil form support (or air 
for a freestanding coil) and the sample holder. This condition will introduce local 
variations of the static magnetic field in the sample, which causes a reduction in the 
spectral resolution. Because of the small dimensions of a microcoil, resultant field 
gradients will vary over very short distances, producing a field profile that cannot 
be easily shimmed by macroscopic shim coils that are relatively distant from the 
sample. Optimization of field uniformity in the sample may be achieved by immers-
ing the microcoil in a medium that has the same susceptibility as a copper metal 
[12]. Perfluorocarbons are particularly suited for this purpose, as these liquids have 
the same magnetic susceptibility as copper. These perfluorocarbons introduce no 
proton background signal and are commonly used in commercial microcoil probes 
for capillary NMR. The successful susceptibility matching of these solenoidal coils 
has enhanced the resolution of these probes so that they could be effectively applied 
to a variety of high-throughput applications. An alternative to using perfluorocar-
bons would be the use of zero-susceptibility wire. This material is also effective in 
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preventing deterioration of the spectral resolution that results from the close prox-
imity of the coil to the sample. Zero-susceptibility wire is made from a coaxial 
structure of metals that have opposite signs in susceptibility, such as copper and 
aluminum [71]. Susceptibility-matched coils have found their way into a number of 
homebuilt and commercial probes, showing that high resolution close to that in con-
ventional 5-mm probes is possible using solenoid microcoils [72].

In contrast to helical coils, the microchip possesses properties that make the sus-
ceptibility problem easier to address. The first aspect is that the axis of the microchip 
can be oriented parallel to the static field B0. Likewise, the magnetization of the cop-
per strip is homogeneous when oriented parallel to the external field. Calculation of 
the local field variations for a plane just above a strip line in the microchip showed that 
the susceptibility broadening could be limited to below 0.1 ppm [73]. Furthermore, it 
was shown that etching only needed to occur on a narrow strip section, which means 
a minimal disruption of a long uniform strip. A resolution of 1 Hz was achieved for 
protons at 600 MHz with this configuration.

The development of flat microcoils has mainly been driven by the possibility to 
integrate them into microfluidic devices with the aim to add NMR as a key analy-
sis technique in the lab-on-a-chip approach. The growing interest in small-volume 
chemistry performed in dedicated chip sets requires that analytical technologies 
such as NMR be able to handle the corresponding volumes. Although Trumbull 
et al. [60] were the first to address this issue by making a single-turn planar coil, 
they succeeded in getting well-resolved (1.4–3 Hz) spectra for approximately 400 nL 
of water and ethanol. However, sensitivity was found to be relatively poor. Massin 
and coworkers [61] succeeded in increasing the sensitivity by an order of magnitude 
using two- and three-turn helical coils. However, spectral resolution was compro-
mised with this system. Wensink et al. [59] were able to improve both sensitivity 
and resolution with a flat helical coil, operating at very low field of 1.4 T, above a 
straight microfluidic channel. Later, it was determined by Kentgens and coworkers 
that the strip-line geometry [73, 74] would not only be able to improve on sensitivity 
but, more importantly, on resolution, since susceptibility broadening can be avoided 
to a large extent due to the symmetry of the design. A prototype probe was built to 
demonstrate the sensitivity of the strip-line design in detecting 12-nL ethanol in a 
single scan. The LOD was good, but the resolution was poor, since the probe was 
constructed for solids applications.

A fully integrated strip-line design that achieves tremendous resolution was later 
constructed. Figure 8.12 shows a 600-MHz proton spectrum of 600-nL ethanol that 
was obtained under flowing conditions in a single scan using a microchip probe. 
Resolution of 1 Hz was achieved, which allows resolving the proton J-multiplets 
nearly down to the baseline.

The chip was made using silicon, where surface charges induce some losses, 
resulting in a lowering of the Q-factor of the resonator. Because of this, the sensi-
tivity experienced some reduction relative to theoretical prediction. Further opti-
mizations of the production process are underway. The related microslot design 
introduced by Maguire et al. [75] also shows favorable numbers for sensitivity and 
resolution; however, because the RF field was not confined, the RF homogeneity was 
poorer. Considering the successful implementation of the microfluidic chip with the 
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strip-line detector, a probehead that allows the placement of a microfluidic reactor 
close to the NMR chip has been built. With this technology in hand, kinetic studies 
of a series of on-chip reactions—such as Diels–Alder reactions, alcohol protections, 
and oxidation reactions—can be realized.

It has been further projected that the scalable design of microstrip and microslot 
“coils”—combined with their easy coupling to microfluidics and their ease of fabri-
cation—position this technology for expansion into NMR microarrays. Development 
of such probes would allow multiple analytes to be detected simultaneously.

8.10  FUTURE DIRECTIONS

8.10.1 P ortable NMR and Sensitivity

Portable NMR spectrometers offer promise for experiments in which chemical 
and structural information is needed, but where a full-sized NMR magnet is either 
unavailable or impractical [76–78]. With such systems, the small scale of microcoils 
become critical in the manufacture of the device. While portable NMR is not a 
widely accepted tool among NMR spectroscopists, a system is now commercially 
available from Picospin. Studies have been reported by Diekmann and coworkers 
[79], where they successfully coupled CE to a portable NMR for the separation and 
detection of fluorinated compounds. Although this study employed a full-sized CE 
to enable separations, it is expected that incorporation of USB-powered high-voltage 
power supplies would enable the CE instrumentation to also be reduced to a mov-
able scale. Incorporating microstrip or microslot probes into portable NMR systems 
would likewise contribute to the compact and mobile nature of such systems. While 
the development of a portable NMR system is attractive from numerous standpoints, 
it must be recognized that issues with respect to sensitivity and resolution would 
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FIGURE 8.12  Single-scan 1H spectrum of a 600-nL ethanol sample (analytical grade) 
obtained in a microfluidic strip-line probe. The signal-to-noise ratio was »5050 and the res-
olution better than 1 Hz. The expansion of the proton J-multiplets are baseline resolved. 
(Reprinted from Kentgens et al. [70]. With permission from American Institute of Physics.)
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result from using a lower field magnet in order to achieve true portability. However, 
the system can provide an inexpensive, rapid, and fully portable chemical analysis 
tool (with and without separation capabilities) that could potentially meet the needs 
of laboratories where optimal resolution and sensitivity are not critical factors.

8.10.2 DNP  and NMR Sensitivity

An emerging approach to improving NMR sensitivity involves hyperpolarization, of 
which the most common method is dynamic nuclear polarization (DNP). The way 
DNP works may be described as follows: To observe an NMR signal from spin ½ 
nuclei, there must be a difference in the number of spins in the two states as defined 
by the Boltzmann distribution:

	 N N eE k T
α β = / B 	 (8.2)

where Nα and Nβ represent the number of nuclei in the α and β spin states, respec-
tively; ΔE is the energy difference between the two spin states; kB is the Boltzmann 
constant; and T is the temperature.

In NMR, the ΔE term is generally small compared to other spectroscopic meth-
ods, limiting the sensitivity of the NMR measurement (see Chapter 2). DNP attacks 
the basic NMR sensitivity problem in that it selectively increases the population 
of one nuclear spin state over the other. This is accomplished by first polarizing 
the electron spins of a radical, either through microwaves or optical pumping. This 
polarization is then transferred from the electrons of the radical to the nuclei of the 
analyte, which is then followed by a fast NMR acquisition before the nuclei have 
time to relax. Although DNP can achieve signal enhancements of up to 44,400 for 
13C and 23,500 for 15N compared with spectra acquired at thermal equilibrium in a 
9.4-T magnetic field, spectra were confined to 1‑D experiments due to the short life-
times of the hyperpolarized state [80, 81]. However, with the advent of fast one-scan 
NMR experiments, the acquisition of 2‑D NMR spectra coupled with DNP is now 
feasible [82].

Since DNP technologies are in early stages of development, it may be expected 
that the coupling of DNP with microcoil NMR will be realized to address the NMR 
sensitivity issue. Further improvements to detect a wider range of heteronuclei are 
an equally important part of expanding the use of microcoil NMR, offering great 
promise in the further expansion of this technology.

8.11  SUMMARY

Over the past ten years, major improvements in the performance of LC-NMR have 
been realized. The addition of postcolumn solid-phase extraction (SPE), advances 
in probe technology (including cryogenic probes and microcoil probes), improved 
solvent-suppression pulse sequences, and shielded magnets with better homogeneity 
have all contributed to rapid advancements in this technology.
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Application of LC-NMR to problems in pharmaceutical development has had 
a major impact on structure-elucidation studies. LC-NMR has been successfully 
applied to determine the structures of degradation products, impurities, mixtures 
of compounds, and metabolites. The use of stopped-flow techniques with LC-NMR 
experiments has been a critical means of identifying unstable compounds and study-
ing conformational kinetics.

The integration of SPE as an intermediate step between the LC unit and the NMR 
spectrometer has vastly improved the power of the hyphenated technique in trace-
analysis applications. Online postcolumn enrichment of chromatographic peaks by 
SPE dramatically reduces the NMR acquisition times by allowing repeated injec-
tions to be trapped onto the same cartridge or different cartridges. Because proton-
ated solvents can be easily removed with a drying procedure, solvents and buffers 
may be freely chosen to maximize chromatographic separation without compromis-
ing NMR spectral quality. The compound of interest may then be eluted from an 
SPE cartridge using deuterated organic solvent, which helps to reduce dynamic-
range issues.

When combined with cryogenically cooled microcapillary probes, the sensitiv-
ity of the NMR signal increases about tenfold over conventional room-temperature 
probes, enabling full structure characterization at the microgram level. Heteronuclear 
experiments—with concentrations previously only possible in a limited number of 
cases—have now become standard experiments. The availability of HSQC and 
HMBC experiments and microcoil/cryogenic technology opens the possibility of 
using LC-(SPE)-NMR for the structural elucidation of complete unknowns on a 
microgram scale.

To enable significant future downscaling beyond the current capabilities, improved 
performance of the LC-NMR interface and improved SPE cartridge retention need 
to be addressed. In addition, the active volume of the NMR flow cell or capillary tube 
will have to shrink along with the corresponding detection coils in order not to lose 
filling factor. As the size of the NMR probes becomes more efficient with respect to 
mass sensitivity, techniques such as CE or CEC (capillary electrochromatography) 
may be interfaced more successfully with NMR spectroscopy.

Overall, the current state of the art in LC-NMR has demonstrated proven utility in 
a variety of applications. When combined with SPE and cryotechnology, LC-NMR 
has become an extremely valuable tool for mass-limited samples, enabling structure 
elucidation without the need for laborious serial isolation and purification procedures.
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Glossary

NMR TERMS

1‑D (one-dimensional) NMR:  Experiment producing a spectrum with only one 
frequency axis.

α and β spin states:  The two possible states of a spin-½ nucleus in a magnetic field. 
By convention, if the magnetogyric o is positive, the α state will have lower 
energy (z-magnetization aligned with B0).

acquisition time:  The time during which the signal is actually being recorded is 
called the acquisition time. This parameter set is based upon the spectral 
window setting and the number of digitized data points entered. It is impor-
tant that the acquisition time be set long enough to prevent baseline distor-
tions in the final spectrum.

ADC (analog-to-digital converter):  Hardware component that translates a voltage 
from the detector into a binary number, commonly 16 bits long.

B0:  Static magnetic field about whose direction the nuclear magnetic moment pro-
cesses. Magnitude of the magnetic field is expressed in tesla or as the proton 
precession frequency (e.g., 11.7 T or 500 MHz).

B1:  The radio-frequency field that is applied to the nuclei that causes precession of 
the magnetization vector about an axis perpendicular to B0.

Boltzmann distribution:  In NMR, this may refer to the distribution of nuclear 
spins among their possible energy levels at thermal equilibrium. For a posi-
tive magnetogyric ratio, the excess population (polarization) is in the direc-
tion of B0.

broadband decoupling:  Irradiation of a group of nuclei with a wide distribution 
of chemical shifts by a radio-frequency field to effectively spread its spin-
decoupling effect evenly over all the nuclei. Often used to remove 1H-13C 
splittings from a 13C spectrum.

chemical shift:  A variation in the resonance frequency of a nuclear spin due to the 
chemical environment around the nucleus. Chemical shift is reported in 
parts per million (ppm).

chemical-shift reference:  A chemical-shift reference is used to define the positions 
of the resonances in the spectrum in terms of parts per million, or ppm, of 
frequency. It is usually a compound such as tetramethyl silane (TMS), which 
can be directly added to the sample. The shift of this material is defined as δ 
= 0. For nuclei such as 1H and 13C, TMS is the generally accepted standard; 
however, for less common nuclei, there may be alternative standards. While 
modern spectrometers can perform frequency-referencing operations auto-
matically, highly precise chemical shifts require use of appropriate stan-
dards and manual frequency referencing.
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continuous-flow NMR:  Eluent containing a compound of interest that is sampled 
in real time when flowing through the NMR detection coil.

correlation time (τc):  A parameter related to the mean time during which a mole-
cule maintains its spatial geometry. For an internuclear vector, τc is approxi-
mately equal to the average time needed for it to rotate through an angle of 
one radian.

COSY (correlation spectroscopy):  A 2‑D experiment used to identify nuclei that 
share a scalar (J) coupling. The presence of off-diagonal peaks (cross 
peaks) in the spectrum directly correlates the coupled spins. Most often 
used to analyze coupling relationships between protons, but may be used 
to correlate any high-abundance homonuclear spins (e.g., 31P, 19F, and 11B).

coupling/decoupling:  Couplings, or interactions, between nuclei can be either 
1H-1H or 13C-1H. In either case, they cause splitting or broadening of the 
resonances in the spectrum, complicating interpretation. Irradiation, at 
appropriate power levels and at the frequency of a particular nucleus, is 
called decoupling. The coupling interaction is thus removed, leading to a 
simpler spectrum.

cross peaks:  Off-diagonal peaks in a 2‑D spectrum that appear at the coordinates 
(usually chemical shifts) of the correlated nuclei.

cryoprobe:  A probe that relies on the principle that radio-frequency electronics will 
generate a higher signal and less noise at lower temperatures. By reduc-
ing the temperature of the NMR coil and preamplifier, signal-to-noise ratio 
enhancements of greater than a factor of four can be achieved over conven-
tional 5-mm probes. The coil assembly and preamplifier are cooled using 
cold helium gas in a closed-loop cooling system. Vacuum-insulation in the 
cooling system allows the coil assembly to reach very low temperatures.

CSA (chemical-shift anisotropy):  The chemical-shift effect that is dependent 
on the orientation of a molecule in the magnetic field. This effect is par-
tially responsible for the very wide lines observed in solid-state NMR. In 
solution, CSA is averaged out by molecular tumbling, and sharp lines are 
observed; however, the modulation of the shielding can sometimes contrib-
ute to relaxation.

deuteration:  Deuteration refers to the replacement of some or all of the 1H nuclei 
(protons) in a material by 2H (deuterons). Most solvents used in NMR 
analysis are deuterated. In 1H-NMR, this has the effect of making the sol-
vent effectively invisible (except for very small residual 1H resonances). In 
13C-NMR, the presence of the deuterons alters the splitting pattern of the 
solvent peaks, making solvent peaks easily distinguishable. For all nuclei, 
the 2H resonance from the solvent can serve as the lock signal, which is 
used to compensate for magnetic-field drift, to optimize the magnetic-field 
homogeneity (shimming), and sometimes to provide a frequency reference. 
Commonly used deuterated solvents include acetone-d6, acetonitrile-d3, 
chloroform-d, N,N,-dimethylsulfoxide-d6, and deuterium oxide-d2 (heavy 
water).

DI-NMR (direct-injection NMR):  A simplified-flow NMR system where the 
mobile phase is removed along with any optional detectors. DI-NMR 
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injects the sample directly into the NMR flow probe, and the whole injec-
tion process is driven by automation. In this case, the NMR flow probe may 
be viewed as a sample loop for the injector port of an automated injector.

dipole-dipole coupling:  An interaction that is very large (often kilohertz) and 
depends upon the distance between nuclei and the angular relationship 
between the magnetic field and the internuclear vectors. This coupling is 
not seen for mobile molecules in solution because it is averaged to zero by 
tumbling of the molecule.

DNP (dynamic nuclear polarization):  A technique that attacks the basic NMR 
sensitivity problem, in that it selectively increases the population of one 
nuclear spin state over the other. This is accomplished by polarizing the 
electron spins of a radical, either through microwaves or optical pumping. 
This polarization is then transferred from the electrons of the radical to the 
nuclei of the analyte, followed by a fast NMR acquisition before the nuclei 
have time to relax. Although DNP can achieve large signal enhancements, 
only 1-D experiments are possible due to the short lifetimes of the hyper-
polarized state.

doublet:  A resonance that exhibits (scalar) coupling to one spin-1/2 nucleus appears 
as two peaks of equal intensity in the spectrum. The spacing between the 
peaks is called the coupling constant and is given in units of hertz.

dynamic range:  The ratio of the largest to the smallest signal observable in a dig-
itized spectrum. Determined by the number of bits in the output of the 
analog-digital converter.

FIA-NMR (flow-injection analysis NMR):  A technique that may be viewed as 
LC-NMR without a chromatography column.

field strength:  The magnetic field strength, designated by B0, reflects the strength 
of the instrument system’s magnet. The field strength is most properly given 
in units of Gauss (G) or Tesla (T = 104 G), although NMR spectroscopists 
commonly refer to the 1H resonant frequency instead.

fill factor:  The ratio of the sample volume being observed by the RF coil to the coil 
volume.

flow probe:  A configuration that is designed to acquire NMR data on a sample 
introduced into a probe inside a magnet via capillary tubing. Optimization 
of the flow-probe design introduces sample from the bottom of the magnet 
into the flow-cell chamber and exiting from the opposite end.

Fourier transform (FT):  A mathematical technique capable of converting a time-
domain signal to a frequency-domain signal.

fragment-based drug design (FBDD):  This method screens for molecules with 
weak binding affinity for a particular target. The fragment approach is 
based upon the premise that small molecular scaffolds with weak binding 
affinity for a target may be synthetically modified using either structure-
based approaches or via combinatorial or parallel synthesis to ultimately 
generate a potent biological inhibitor. In this area, NMR is vital because of 
its ability to identify weakly binding ligands, which may be subsequently 
modified to increase binding affinity.
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free-induction decay (FID):  The magnetic resonance signal resulting from the decay 
of transverse magnetization.

GARP (globally optimized alternating-phase rectangular pulses):  A decou-
pling method that makes use of composite pulses. This approach uses frac-
tional multipliers to describe a composite pulse more precisely by obtaining 
improved inversion properties. The GARP pulse invokes a four-step RRRR  
supercycle to achieve a more uniform decoupling profile.

gradient:  A variation of one quantity with respect to another. In the context of 
NMR, a magnetic-field gradient is a variation in the magnetic field with 
respect to distance.

HETCOR (heteronuclear correlation spectroscopy):  A 2‑D NMR experiment 
where two different types of nuclei are correlated through single-bond spin-
spin couplings. The chemical shift of one nucleus, usually 13C, is detected in 
the direct-observe dimension, while the chemical shift of a second nucleus, 
usually 1H, is recorded in the indirect dimension.

HMBC (heteronuclear multiple bond correlation):  A 2‑D experiment that corre-
lates chemical shifts of two types of nuclei separated from each other with 
two or more chemical bonds. For 1H,13C-HMBC, the spectrum is frequently 
used for assigning quaternary and carbonyl carbons. In some cases, it can be 
used for assigning -OH protons and protons bonded to other heteroatoms.

HMQC (heteronuclear multiple-quantum correlation):  A 2‑D experiment used 
to correlate directly bonded carbon-proton nuclei. This experiment uses 
proton detection and can be acquired more rapidly than a 1‑D carbon spec-
trum. The correlations can be used to associate known proton assignments 
with their directly attached carbons. The 2‑D spectrum can also be used 
in the assignment of the proton spectrum by separating proton resonances 
in the 13C dimension, thereby reducing proton multiplet overlap. It also 
provides a convenient way of identifying nonequivalent geminal protons, 
which are sometimes difficult to distinguish unambiguously, since such 
protons will produce two correlations to the same carbon.

HSQC (heteronuclear single-quantum correlation):  A 2‑D proton-detected het-
eronuclear shift correlation experiment that provides the same information 
as the closely related HMQC (e.g., one-bond H-X correlations). The princi-
pal advantage of HSQC is the slightly better resolution that can be obtained 
in the X-dimension, where the resonances are broadened by homonuclear 
proton couplings in HMQC. For most routine applications, this difference 
is barely noticeable, but where crowding occurs in the X dimension, the 
HSQC will provide better results (provided sufficiently high digital resolu-
tion is used).

INADEQUATE (incredible natural abundance double quantum transfer exper‑
iment):  A 2‑D experiment that correlates carbons that are attached to each 
other. This experiment can help establish a carbon skeleton of the molecule. 
Since 13C-13C coupling is used, the probability of one 13C is (0.01) 1%, while 
that of two next to each other is 0.01 × 0.01 = 0.0001 (0.01%) (≈1 molecule 
in 10,000). Hence the experiment requires a large amount instrument time.
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integration:  An integrated intensity of a signal in a 1H-NMR spectrum gives a ratio 
for the number of hydrogens that give rise to the signal, thereby helping 
calculate the total number of hydrogens present in a sample.

inversion recovery sequence:  A pulse sequence producing signals that represent 
the longitudinal magnetization present after the application of a 180° inver-
sion RF pulse. Used for measuring longitudinal relaxation (T1).

J or scalar coupling:  Internuclear couplings (prominent features of 1H spectra), 
leading to splittings that provide information on the structure of the sample. 
Interpretation of couplings can be difficult when signal overlap is severe. 
The distance between any two peaks in a J-split is called the coupling con-
stant, JAB, where A and B indicate the coupled nuclei. The coupling con-
stant, usually given in hertz, is independent of magnetic field. Problems 
with severe overlap of signals may be reduced by acquiring spectra at 
higher field to achieve greater peak dispersion.

Karplus relationship:  This relationship establishes a correlation between the dihe-
dral angle between two protons separated by three bonds and the magnitude 
of the coupling constant. Dihedral angles between vicinal protons that are 
either near 0 or 180° have large coupling between 9–13 Hz. Dihedral angles 
for protons that are near 90°, however, give small couplings of 0–2 Hz.

Larmor frequency:  The resonance frequency of a spin in a magnetic field. The 
rate of precession of a set of spins in a magnetic field. The frequency that 
will cause a transition between the two spin-energy levels of a nucleus. If a 
system on which the 1H nucleus resonates at 400 MHz is taken as a refer-
ence point, the NMR frequency for a nucleus 13C can be calculated by mul-
tiplying its frequency factor (0.2514) by the 1H frequency of the instrument 
system of interest. Thus, the 13C nucleus will resonate at around 100 MHz 
on a system whose 1H frequency is 400 MHz.

LC-NMR:  Hyphenated technology—liquid chromatography interfaced with 
nuclear magnetic resonance spectroscopy.

lock:  During the course of an NMR experiment, the system is usually locked to the 
frequency of the 2H signal from the solvent. By constantly making adjust-
ments to ensure that this frequency does not drift, the entire system is kept 
stable. The lock signal also provides a means of monitoring the magnetic-
field homogeneity, which is optimized by shimming.

longitudinal magnetization:  The Z-component of magnetization.
loop collection:  An NMR-based collection mode where peaks of interest are 

“parked” in off-line sample loops awaiting transfer to an NMR flow probe.
lossy sample:  A sample containing ions from salts or buffers. In “lossy” solutions, 

the RF power from the transmitter is absorbed by the electric fields created 
by the ions in the sample. This results in longer pulses and less efficient 
excitation of nuclei.

magnetic moment:  Any NMR-active nucleus, when placed in an external magnetic 
field, begins to precess about the direction of the field. This rotating charge 
generates a small magnetic field of its own, called its magnetic moment.

magnetic susceptibility:  (Latin: susceptibilis, “receptiveness”). A dimensionless 
proportionality constant that indicates the degree of magnetization of a 
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material in response to an applied magnetic field. Magnetic susceptibility 
may be viewed as a measure of how well a particular solution can accom-
modate magnetic-field lines. Whenever there is a steep transition from one 
solution composition to another, the density of field lines will change at the 
interface. This condition will introduce magnetic-field heterogeneity in the 
sample. Shimming to compensate for the heterogeneities is compromised 
due to the severity of the discontinuity across the sample; hence this situa-
tion broadens the NMR resonances. In flow NMR, the heterogeneity of the 
sample may be attributed either to incomplete mixing of the contents in the 
flow cell or to a steep ramp in solvent composition in the NMR flow cell.

magnetic-susceptibility fluids:  Fluids used in the construction of microcoil probes 
where field gradients that vary over very short distances will produce a field 
profile that cannot be shimmed by macroscopic shim coils that are distant 
from the sample. Optimization of field uniformity in the sample can be 
accomplished by immersing the microcoil in solutions with the same sus-
ceptibility as a copper metal. Perfluorocarbons are used, since these liquids 
have the same magnetic susceptibility as copper. Perfluorocarbons have 
the advantage that they introduce no proton background signal. They are 
commonly used in commercial fabrication of microcoil probes for capil-
lary NMR.

magnetization vector (M):  Resultant of the individual magnetic moment vectors 
for an ensemble of a particular type of nucleus. At equilibrium, M points in 
the direction of B0 (positive γ).

magnetogyric ratio (γ):  Inherent property of a nucleus; can be either positive (1H, 
13C) or negative (15N, 29Si). For particular values of B0 and the magnetic 
quantum number, it determines the energy level of the nucleus. This con-
stant relates the magnetic field strength to the resonant frequency of the 
nucleus. It is designated by the Greek letter γ and is sometimes called 
“gamma” by NMR spectroscopists. Note that γ is usually given in rad/sT, 
and that it can be either positive or negative. To find the resonant frequency, 
νX, of nucleus X in hertz, multiply the field strength B0 by 2πγ;

	 νX (Hz) = 2πγB0

microcoil:  RF coils in an NMR probe that optimize the sensitivity of an NMR spec-
trometer for analysis of microgram and submicrogram quantities of com-
pounds. The microconfiguration enables the radio frequency (RF) receiver 
coil to closely conform to the sample to ensure good detection sensitivity. A 
microcoil probe maximizes both the observe factor, which is the ratio of the 
sample volume being observed by the RF coil to the total sample volume 
required for analysis, and the fill factor. Microcoils produce considerably 
less background signal effects due to the 100-fold reduction in solvent vol-
ume for the mass detected.

microcoil NMR spectroscopy:  Technology based on the increase of coil sensitiv-
ity for smaller coil diameters. Microcoil NMR probes deliver a remark-
able mass-based sensitivity increase (8- to 12-fold) when compared with 
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commonly used 5-mm NMR probes. Microcoil NMR probes are a well-
established analytical tool for small-molecule liquid-state NMR spectros-
copy. These probes have also become available for biomolecular NMR 
spectroscopy studies.

microcryoprobe:  A microcryoprobe comprises sensitivity afforded by both 
microcoil technology and cryotechnology. The combination has resulted in 
unparalleled mass sensitivity (more than an order-of-magnitude mass sen-
sitivity compared to the conventional 5-mm probe). The sensitivity is ideal 
for NMR analysis of samples with limited amounts of material (submicro-
gram quantities).

microstrip (or strip line) and microslot probe:  Probes that use a thin metal strip 
positioned parallel to B0 to produce a perpendicular B1 magnetic field and 
detect the NMR signal. Such probes have an advantage in that they may be 
easily manufactured using automated well-established lithographic meth-
ods. Sample volumes are approximately 5 nL.

mixing period:  A part of a pulse sequence for correlation spectroscopy consisting 
of delay times that enable transfer of magnetization.

multiplex probes:  Probes containing two or more sample chambers that enable 
simultaneous acquisition of NMR signals from multiple samples.

natural abundance:  The natural nuclear-spin prevalence of various atoms in the 
periodic table. For example, the predominant isotope of carbon is 12C, 
with a natural abundance of nearly 99%; however, this has a spin of 0. The 
NMR-observable form is 13C (I = 1/2), which is 1.1% abundant. This means 
that, during an NMR experiment, only about 1% of the carbon atoms in the 
sample are able to contribute to the signal; hence it will take much longer 
to acquire a 13C spectrum than a 31P spectrum (natural abundance of 31P = 
100%), given the same number of identical atoms in the samples.

net magnetization vector:  A vector representing the sum of the magnetization 
from a spin system.

NOE (nuclear Overhauser effect):  A through-space phenomenon used in the study 
of 3‑D structure and conformation of molecules. It gives rise to changes 
in the intensities of NMR resonances of spins I when the spin-population 
differences of neighboring spins S are altered from their equilibrium val-
ues (by saturation or population inversion). Proton-proton NOEs are the 
mostly widely used in structure elucidation. Since the effect has a (non-
linear) distance dependence, only protons “close” in space (within 4–5 Å) 
give rise to such changes, and the NOE is thus an extremely useful probe 
of spatial proximity. The NOE is a spin-relaxation phenomenon and has 
very different behavior, depending on molecular motion and, in particular, 
molecular tumbling rates. Small molecules (<1000 Da) under typical solu-
tion conditions tumble rapidly and produce weak, positive proton NOEs 
that grow rather slowly, whereas large molecules (>3000 Da) tumble slowly 
in solution and so produce large, negative NOEs that grow quickly. Midsize 
molecules (≈1000–3000 Da) tumble at “intermediate” rates where the NOE 
crosses from the positive to the negative regime and thus can have vanish-
ingly small NOEs.
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NOESY (nuclear Overhauser effect correlation spectroscopy):  A 2‑D method 
that correlates pairs of nuclei that are related by the nuclear Overhauser 
effect.

paramagnetism:  Magnetic behavior of a substance containing unpaired electrons. 
When placed in a magnetic field, the induced magnetic field is parallel to the 
applied field.

phase correction (phasing):  Linear combination of the real and imaginary parts 
of an NMR spectrum to produce 1‑D spectral peaks with pure-absorption-
mode shape. The 2‑D spectral peaks may be absolute value (magnitude 
spectra) or phase dependent (signals in phase or antiphase with respect to 
the diagonal). Phasing may be performed either automatically by software 
or interactively by the operator.

precession:  When a magnetic moment is placed within an external magnetic field, 
it begins to oscillate slowly about the direction of the field. This motion is 
called precession. The frequency of the precession is determined by the 
resonant frequency of the nucleus in question at a particular field strength. 
Most considerations of the NMR phenomenon circumvent this motion by 
treating the system in a rotating frame of reference oscillating at the Larmor 
frequency.

presaturation:  Suppression of a signal from an interfering nucleus (e.g., a solvent 
peak) by selective irradiation to saturate it prior to application of a nonse-
lective pulse to the whole system.

probe:  The probe is part of spectrometer hardware that holds the sample and some 
of the electronics necessary to deliver the radio-frequency (RF) pulses and 
to detect the sample’s response. In instruments with superconducting mag-
nets, the probe is a long cylinder (about 24 in.), which is inserted into the 
magnet from the base of the magnet. Probes may be capable of detecting 
one or more nuclei (most commonly 1H or 13C), broadband, or adjustable 
probes over a range of frequencies.

pulse Fourier transform NMR:  Use of an RF pulse to rotate the magnetization 
vectors of all the nuclei to be observed. The time-domain signal (the FID) 
is subsequently digitized and converted into the frequency spectrum by 
Fourier transformation, providing a humanly interpretable spectrum.

pulse sequence:  Modern NMR experiments are carried out in Fourier-transform 
(FT) mode, in which the sample is exposed to one or more RF pulses, fol-
lowed by recording of the resulting signal. By applying a suitable delay, 
the system is allowed to return to equilibrium, and the entire sequence is 
repeated. The level of complexity of pulse sequences varies as the number, 
phase, shape, and timing of the incoming pulses is manipulated to provide 
the desired information.

pulse width:  Time duration of the RF pulse that determines the tip angle of the 
magnetization vector.

Q (quadruple moment):  Nuclei whose spin I > ½ is said to be quadrupolar. Such 
nuclei possess a nonspherical electric-field gradient around the nucleus. 
In practice, this usually means that NMR lines will be broader relative to 
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nuclei with spin ½. The degree to which broadening occurs depends on the 
magnitude of the Q-factor.

Q-factor:  The sensitivity of a probe is commonly described in terms of the qual-
ity-factor parameter, otherwise known as the Q-factor of the probe. The 
Q-factor is determined by the resonance frequency (ω), the inductance (L), 
and the resistance (r) of the entire resonant circuit.

radiation damping:  An effect on intense signals in high-field NMR. It appears dur-
ing experiments with an intense proteosolvent peak (often water). It occurs 
when the rotating transverse magnetization of the sample is intense enough 
to induce a rotating electromotive force in the RF coil that is strong enough 
to act back on the sample. Hence, the amplitude and phase of the RF pulse 
is disturbed by feedback from the sample. Radiation damping causes peak 
broadening, peak asymmetry, phase shifting, and residual signals at 180° 
and 360° in the flip cycle, all of which can interfere with spectral quality. 
The effect increases with increasing field strength and affects high-power 
pulses more than low-power pulses.

residence time (τ):  In continuous-flow NMR, the residence time refers to the ratio 
of detection volume to flow rate. Residence time is proportional to the effec-
tive lifetime of particular spin states.

resonance:  An exchange of energy between two systems at a specific frequency; 
the tendency of a nucleus to oscillate at greater amplitude at a particular 
frequency.

RF coil:  An inductor-capacitor resonant circuit used to set up B1 magnetic fields in 
the sample and to detect the RF signal from the sample.

RF pulse:  A short burst of RF energy that has a specific shape. When a burst, or 
pulse, of RF is sent into the NMR probe, the effect on the nuclei of the 
sample depends on the power level, duration, and direction of the pulse. 
In general, variations in the RF pulse are generated by changing the pulse 
length (or pulse width) and phase and not the pulse power.

ROESY (rotating-frame NOE spectroscopy):  The ROESY experiment is a 2‑D 
pulse sequence. It is similar to the NOESY in that it provides information 
concerning spatial distance between nuclei in a molecule. This technique is 
based on NOE in the rotating frame. This pulse sequence is almost identi-
cal to one used for TOCSY; hence TOCSY artifacts may result. To avoid 
TOCSY artifacts, the power used to achieve spin-lock should be reduced, 
and the spin-lock offset may be shifted to one end of the spectrum (instead 
of the center). Contrary to NOE that can experience phase differences in the 
cross peaks due to molecular weight, the ROE is always positive. ROESY 
is particularly well suited for midsized molecules (1000–3000 Da), where 
conventional NOEs may be close to zero. Alternation in the sign of the ROE 
effect in a ROESY spectrum allows one to distinguish effects due to chemi-
cal and conformational exchange.

shimming:  The field within the magnet may not be spatially homogeneous relative 
to the sample because of slight changes in the position of the sample, con-
centration gradients, undissolved particles, or movement of objects around 
the spectrometer. Since the quality of the resulting spectrum depends very 
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strongly on field homogeneity, small adjustments in the field need to be 
made. These can be achieved automatically or manually to compensate for 
as many of the irregularities as possible. Corrections made to improve field 
homogeneity are called shimming.

signal averaging:  Repetition of an experiment n times to achieve an increase in 
signal-to-noise ratio of n1/2.

signal-to-noise ratio (S/N):  The ratio of peak signal intensity to the root-mean-
square noise level. This value determines the minimum signal that can be 
detected. The signal-to-noise ratio (S/N) after n scans is given by:

	 S/N = n1/2IS/IN

	 where IS and IN are the intensities of the signal and noise, respectively. 
From this equation, it can be seen that doubling the number of scans only 
increases S/N by a factor of 1.4 (21/2). To actually double S/N, one must qua-
druple the number of scans. A tenfold enhancement of S/N requires 100n 
and a significant increase in experiment time results.

solid-phase extraction in NMR:  Peak trapping cartridges used to “concentrate” 
peaks as they elute off a column for NMR detection.

solvent suppression:  Reduction of an intense signal from the solvent by some means 
(e.g., a selective pulse or presaturation) to avoid dynamic-range problems.

spectral density:  This condition is defined as the concentration of fields at a given 
frequency of motion that affects the longitudinal relaxation of nuclei. For 
small molecules in solution, the tumbling motion is rapid, and a larger pop-
ulation of different frequencies exists for a shorter period of time. Hence the 
population of specific frequencies that induce relaxation is small. For small 
molecules, relaxation would not be significantly affected by field strength. 
The opposite is true for large, slow-moving molecules, where the concen-
tration of fields induced by molecular tumbling is field dependent. In such 
cases, as the external field increases, the population of nuclei tumbling at a 
rate needed to induce relaxation decreases. This results in a lower concen-
tration of fields available to induce relaxation, and T1 becomes longer.

spectral resolution:  Instrument performance parameter that determines minimum 
peak separation that can be distinguished. Usually specified in terms of 
linewidth at half-height, called LW(1/2) or LW.

spectrometer frequency:  Center frequency of a band of frequencies produced by 
the RF pulse generator. The spectrometer frequency defines the center of 
the NMR spectrum acquired (also the center of the spectral window).

spin:  A fundamental property of matter responsible for the NMR phenomenon.
spin-lattice relaxation (T1):  After excitation by a pulse, the net magnetization 

regains its starting, or equilibrium, position by interacting with the sur-
roundings, or the lattice, in a process called spin-lattice relaxation. This 
exponential return is characterized by a time constant, T1, which can be 
measured and related to molecular motions. T1 must be considered when 
establishing experimental conditions for quantitative analyses; the pulse 
delay must be set to 5−10 × T1 to ensure that relative peak areas are correct.
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spin-spin relaxation (T2):  After excitation by a pulse, the net magnetization, which 
is the vector sum of the magnetic moments of many nuclei, begins to 
dephase, or spread out, by interacting with other spins in a process called 
spin-spin relaxation. Because of intrinsic molecular differences or inhomo-
geneities in the magnetic field, the magnetic-moment components precess 
at slightly different rates. The rate at which they dephase is characterized by 
a time constant, T2, which is reflected in the observed linewidths.

stopped flow in NMR:  A process where the pump and chromatographic flow 
are stopped at a desired location (within the NMR flow cell) and data is 
acquired.

superconducting magnet:  A superconducting magnet is an electromagnet made 
from coils of superconducting wire. The basic construction of such super-
conducting magnets consists of a solenoid wound with superconducting 
wire, which comprises the fundamental design of every high-frequency 
NMR magnet. For superconducting magnets, the wire can conduct much 
larger electric currents than ordinary wire; hence very strong magnetic 
fields can be created. The wire used is usually fabricated from a niobium-
titanium alloy (NbTi) or a niobium-tin (Nb3Sn) alloy. Superconducting 
magnets can achieve an order-of-magnitude stronger field than ordinary 
ferromagnetic-core electromagnets, which are limited to fields of around 2 
T. The field is generally more stable, resulting in less noise in experimental 
measurement, and its operation does not require high consumption of elec-
trical power and cooling water, as required for the electromagnets. They do 
require periodic replenishing of liquid nitrogen and liquid helium cryogens.

SUSHY (Spectral Unraveling by Space-selective Hadamard SpectroscopY):  A 
technique that enables recording and deconvolution of NMR spectra of 
multiple samples loaded in multiple sample tubes in a conventional 5-mm 
solution NMR probe equipped with a triaxis pulsed-field gradient coil. The 
individual spectrum from each sample can be extracted by adding and sub-
tracting data that are simultaneously obtained from all the tubes based on 
the principles of spatially resolved Hadamard spectroscopy.

time domain:  Condition where the independent variable of all functions is time 
(e.g., in the display of an FID).

TINS (target immobilized NMR screening):  An NMR ligand-screening method 
that reduces the amount of target required for the fragment-based approach 
to drug discovery. Binding is detected by comparing 1‑D 1H-NMR spectra 
of compound mixtures in the presence of a target protein immobilized on a 
solid support to a control sample. TINS can be used in competition mode, 
allowing rapid characterization of the ligand-binding site. This technology 
provides a means of screening of targets that are difficult to produce or that 
are insoluble, such as membrane proteins.

tip angle:  Upon experiencing an RF pulse, the magnetic moment associated with 
a nucleus (spin) aligned with the external magnetic field, B0, along the 
+z-axis, tips away from the z-axis, down toward the x-y plane. The angle 
between this new position and the +z-axis is called the tip angle or the pulse 
angle. The pulse width and tip angle are directly proportional. If a 5-µs 
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pulse moves the magnetic moment through 45°, a 10-µs pulse will tip it 90° 
onto the x-y plane. The pulse phase determines the direction in which the 
magnetic moment moves. If a 90° pulse is sent in on the y-axis, this will 
place the magnetization along the +x-axis.

TOCSY (TOtal Correlation SpectroscopY):  A 2‑D NMR experiment (also called 
HOHAHA, HOmonuclear HArtmann-HAhn) that permits assignment of 
a whole spin system of coupled nuclei. The TOCSY experiment requires 
a single mixing period and some knowledge of spin-system topology and 
couplings. TOCSY generates phase-sensitive spectra without intensity dif-
ferentiation of the relative coupling, giving better sensitivity for long-range 
coupling interactions. The TOCSY experiment can be used to obtain cou-
pling of units of spins characteristic of part of a molecule that has no scalar 
couplings to other spins in the molecules (e.g., sequences of polysaccha-
rides, peptides, or proteins).

transmitter:  A coil of wire (often the same as used by the receiver) and associated 
electronics that apply radio-frequency energy to the NMR sample.

W0 transitions (zero quantum transitions):  Energy-state transition involving a 
zero-quantum transition where the α spin simultaneously flips to the β spin 
and the β spin simultaneously flips to the α spin.

W1 transitions (single quantum transitions):  Energy-state transition correspond-
ing to T1 relaxation of the spin involving a spin flip of only one of two spins 
(either I1 or I2).

W2 transitions (double quantum transitions):  Energy-state transition correspond-
ing to a net double-quantum transition involving a simultaneous spin flip of 
both spins.

WALTZ-16 pulse sequence:  A commonly used decoupling sequence often applied 
in inverse heteronuclear experiments, such as HMQC and HMBC. This pulse/
phase cycle is known as WALTZ-16 because of the 1‑2‑3 basic building block 
of the sequence.

Zeeman effect:  The effect where energy levels become nondegenerate in a mag-
netic field. An essential condition for magnetic-resonance spectroscopy.

CHROMATOGRAPHY TERMS

analyte:  A compound of interest to be analyzed by injection into and elution from 
an HPLC column.

analytical column:  Typically, the main column used in the HPLC system to sepa-
rate sample components. An HPLC column used for qualitative and quanti-
tative analysis. A typical analytical column will be 50–250 mm × 4.6 mm, 
but columns with smaller diameters (down to 0.05 mm ID) are also con-
sidered analytical columns. Columns can be constructed of stainless steel, 
glass, glass-lined stainless steel, PEEK, and other metallic and nonmetallic 
materials.

anion exchange:  The ion-exchange procedure used for the separation of anions. 
Synthetic resins, bonded-phase silicas, and other metal oxides can be 
analyzed in this mode. A typical anion-exchange functional group is the 
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tetraalkylammonium ion, which is a strong anion exchanger. An amino 
group on a bonded stationary phase is an example of a weak anion exchanger.

back pressure:  A phrase used to describe the pressure required to force fluid at a 
determined flow rate along a system’s flow path, typically expressed in psi, 
bar, or atm.

CE (capillary electrophoresis):  A special type of chromatographic analysis that 
employs the use of electricity to selectively separate charged species com-
prising a sample. It is a powerful technique that produces sharp bands with 
minimal tailing, with the main difficulty being the sensitivity threshold.

CEC (capillary electrochromatography):  A type of chromatographic analysis that 
combines the benefits of capillary electrophoresis and HPLC. Typically, 
with standard HPLC, there is a pressure limitation with the equipment that 
limits the number of theoretical plates that can be employed. Because flow 
is driven electroosmotically in CEC analyses, there is no theoretical plate 
threshold.

chromatogram:  A plot stemming from a detector’s signal output, typically versus 
time. It is often identified with a baseline offset by a series of peaks or 
bands.

chromatographic conditions:  Those parameters that describe how an analysis 
was achieved for the purpose of potential future duplication for verification 
purposes.

chromatographic methods:  A record of the parameters used in a separation yield-
ing a particular result. It allows another analyst following the method and 
conditions to reproduce the separation and achieve the same results.

chromatography:  A chemical separation technique based on the differential distribu-
tion of the constituents of a mixture between two phases, one of which moves 
relative to the other. Literally meaning “color movement,” the separation 
technique occurs based upon the difference of interaction of sample compo-
nents with two phases: a stationary (nonmoving) phase and a mobile phase (or 
moving).

cITP (capillary isotachophoresis):  A promising variant of microcoil CE. This 
separation technology separates and concentrates charged species based on 
their electrophoretic mobilities through the application of a high voltage 
across a capillary using a two-buffer system. This buffer system comprises 
a leading electrolyte (LE) and a trailing electrolyte (TE). When hyphenated 
to capillary NMR spectroscopy, cITP allows focusing of sample compo-
nents in the active volume of the capillary probe, affording active volumes 
on the order of tens of nanoliters and great gains in mass sensitivity.

column:  A tube that contains the stationary phase. The stationary phase differen-
tially interacts with the sample’s constituent compounds as they are carried 
along in the mobile phase.

column chromatography:  Any form of chromatography that uses a column to hold 
the stationary phase. Open-column chromatography, HPLC, and open-
tubular capillary chromatography are all examples.

column packing:  The particulate material packed inside the column; also called the 
stationary phase. This usually consists of silica- or polymer-based particles, 
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often chemically bonded with a chemical function or group. For analytical 
work, 3-µm or 5-µm spherical particles are used. For semipreparative work, 
10-µm (or larger) spherical or irregular particles are favored.

dead volume:  The volume outside of the column packing. The interstitial volume 
(intraparticle volume and interparticle volume) plus extra column volume 
(i.e., injector detector, connecting tubing, and end fittings) combine to cre-
ate the dead volume.

degassing:  The process of removing dissolved gas from the mobile phase before or 
during use. Dissolved gas may come out of solution in the detector cell and 
cause baseline spikes and noise. Degassing is carried out by vacuum evacu-
ation and purging with an inert gas such as nitrogen or helium.

detector.:  An electronic device that quantitatively discerns the presence of the sepa-
rated components as they elute.

detector sensitivity:  The sensitivity setting is the line between normal background 
noise and a true peak. Perturbations from the baseline that fall below the 
sensitivity setting are considered noise and are filtered out. Setting the sen-
sitivity too high can result in missing small peaks, while setting it too low 
may result in the capture of spurious peaks, causing the software to attempt 
to integrate peaks out of the noise.

detector types in HPLC:

Monochromatic UV detector
Variable UV-VIS detector
Diode or photodiode array detector
ELSD light scattering detector
ESI-MSD
ESI-MSn

Refractive index detector (RID); detects all solutes
Coulometric detector
Amperometric detector
Fluorescence detector; detects solutes with fluorophores with very high sensitivity
Radioactive detector

diffusion:  Dilution of a compound in the direction of the column axis, depending 
on differences in concentration.

ELSD (evaporative light scattering detector):  A type of detector that works by 
measuring the light scattered from the solid solute particles remaining after 
nebulization and evaporation of the mobile phase. Because the detector’s 
response is independent of the light absorbing properties of molecules, it can 
reveal weakly chromophoric sample components that UV detectors miss 
and can provide a more accurate profile of relative component abundance.

eluent:  The mobile phase used to perform a separation.
flow rate:  The volumetric rate of flow of mobile phase through an LC column. For 

a conventional HPLC column with a 4.6-mm UD, typical flow rates are 1 
to 2 mL/min.
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GPC (gel permeation chromatography):  A type of size-exclusion chromatogra-
phy (SEC) that separates analytes on the basis of size. The technique is 
often used for the analysis of polymers.

gradient elution:  A technique for decreasing separation time by increasing the 
mobile-phase strength over time during the chromatographic separation.

HILIC:  Hydrophilic interaction chromatography is a variation of normal-phase 
chromatography without the disadvantages of using solvents that are not 
miscible with water (also called “reverse or reversed-phase” or “aqueous 
normal phase” chromatography). The stationary phase is a polar material 
such as silica, cyano, amino, diol, etc. The mobile phase is highly organic, 
with a small amount of aqueous/polar solvent.

HPLC:  High-performance liquid chromatography is a vastly improved form of col-
umn chromatography. Instead of a solvent being allowed to drip through a 
column under gravity, it is forced through under high pressures of up to 400 
atmospheres. This condition makes separation much more rapid.

HPLC–SPE–NMR:  High-performance liquid chromatography–solid phase extrac-
tion–nuclear magnetic resonance. This is a novel hyphenation technology 
that concentrates single chromatographic peaks to elution volumes matching 
those of NMR flow probes. The SPE unit facilitates the solvent exchange 
from the mobile phase of the optimized HPLC method to a deuterated NMR 
solvent.

injector:  A mechanism for accurately injecting a predetermined amount of sample 
into the mobile phase stream. The injector can be a simple manual device 
or a sophisticated autosampler that permits automated injections of many 
different samples for unattended operation.

ion-exchange chromatography:  Mode of chromatography in which ionic sub-
stances are separated on cationic or anionic sites of the packing in aqueous 
mobile phases.

isocratic:  A constant-composition mobile phase used in liquid chromatography.
matrix:  A medium in which the analyte is distributed.
method development:  A process for optimizing the separation, including the 

sample pretreatment, to obtain a reproducible and robust separation. 
This process involves identifying and optimizing the stationary phase, 
eluent, and column-temperature combination and provides a process to 
yield the desired separation.

mobile phase:  The solvent that moves the solute through the column. In LC, the 
mobile phase interacts with both the solute and the stationary phase and, 
therefore, can have a powerful influence on the separation.

N (number of theoretical plates):  Theoretical plate numbers are an indirect mea-
sure of peak width for a peak at a specific retention time. Columns with 
high plate numbers are considered to be more efficient, meaning that they 
have higher column efficiency than columns with a lower plate count. A col-
umn with a high number of theoretical plates will produce a narrower peak 
at a given retention time than a column with a lower N number.

narrow-bore column:  Columns of <0.5 mm ID used in HPLC.
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normal-phase chromatography:  A mode of chromatography carried out with a 
polar stationary phase and a nonpolar mobile phase (i.e., adsorption is on 
silica, aluminum oxide, or polar-bonded silica gels in a normal phase sys-
tem). It also refers to the use of polar-bonded phases, such as CN or NH2.

organic modifier:  Water-miscible organic solvent added to an aqueous mobile 
phase to obtain separations in reversed-phase HPLC. Common organic 
modifiers include acetonitrile, methanol, isopropanol, and tetrahydrofuran.

overload:  The overload of a column in preparative chromatography is defined as the 
sample mass injected onto the column at which efficiency and resolution 
begins to be affected. Resolution is compromised as the injected sample 
size is increased further.

particle size:  The average particle size of the packing in an LC column.
PDA (photodiode array):  PDA detectors are UV/Vis detectors that record the 

absorbance of light at many different wavelengths simultaneously.
peak:  Elution profile of a compound. When the detector registers the presence of a 

compound, the normal baseline is affected. The result is a deflection from 
the baseline, called a peak. Well-resolved peaks have Gaussian symmetry, 
touch the baseline, and do not interfere with other peaks.

peak identification:  Peak identification is usually performed by comparing the 
sample chromatogram to a chromatogram of a standard solution separated 
under the same conditions. Peaks that appear at the same elution time as 
peaks in the standard are identified as the same component.

peak shape:  The profile of a chromatographic peak. Theory assumes a Gaussian 
peak shape (perfectly symmetrical).

polarity:  Measure of lipophilic or hydrophilic properties of a stationary or mobile 
phase.

preparative chromatography:  The process of using liquid chromatography to 
isolate a sufficient amount of material for other experimental or functional 
purposes. For pharmaceutical or biotechnological purifications, columns 
several feet in diameter can be used for multiple grams of material. For 
isolating just a few micrograms of a natural product or a trace impurity, 
an analytical column can be used. Both are preparative-chromatographic 
approaches.

resolution:  Ability of a column to separate chromatographic peaks.
retention time:  The time between injection and the appearance of the peak maxi-

mum; the delay time of separated compounds due to their interaction with 
the stationary phase.

reversed-phase chromatography:  The most frequently used mode in HPLC. Uses 
low-polarity packings such as octadecyl- or octylsilane phases bonded to sil-
ica or neutral polymeric beads. The mobile phase usually is water or water-
miscible organic solvents such as methanol or acetonitrile. Elution usually 
occurs based on the relative hydrophobicity or lipophilicity of the solutes. 
The more hydrophobic the solute, the stronger is the retention. The greater 
the water solubility of the analyte, the less it is retained. The technique has 
many variations in which various mobile-phase additives impart a different 
selectivity. For example, adding a buffer and a tetraalkylammonium salt to 
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an anion analysis would allow ion pairing to occur and generate separations 
that rival those of ion-exchange chromatography. More than 90% of HPLC 
analysts use reversed-phase chromatography.

sample preparation:  All steps to prepare a sample before separation. Attention 
to solubility, temperature, and chemical stability is particularly important.

SEC (size-exclusion chromatography):  A separation mode employing control 
pore-size packing to achieve resolution of molecules based on size and 
shape.

SPE (solid-phase extraction):  A sample preparation technique that uses a solid-
phase packing contained in a small plastic cartridge. The solid stationary 
phases are the same as HPLC packings, but the principle is different from 
HPLC. It is sometimes referred to as digital chromatography. This process 
requires four steps: conditioning the sorbent, adding the sample, washing 
away the impurities, and eluting the sample in as small a volume as possible 
with a strong solvent.

stationary phase:  The immobile phase involved in the chromatographic process.
supercritical fluid chromatography (SFC):  A form of normal-phase chromatog-

raphy that is used for the analysis and purification of low- to moderate-
molecular-weight, thermally labile molecules. It can also be used for the 
separation of chiral compounds. Principles are similar to those of high-
performance liquid chromatography (HPLC). However, SFC typically 
utilizes carbon dioxide as the mobile phase; therefore, the entire chromato-
graphic flow path must be pressurized.

tailing:  Unsymmetrical peak formation in which the side of the peak away from the 
injection site returns very slowly to the baseline. This is usually due to an 
unresolved equilibration and incomplete separation.

UV/Vis (ultraviolet/visible light):  The tunable or variable wavelength UV/Vis 
detector is the most popular form of detector. For methods involving organic 
compounds in aqueous mobile phases, the UV/Vis detector takes advantage 
of compounds’ varying absorptivities of ultraviolet and visible light.
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