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Solvent-gradient LC–NMR can generate wide ranges of solvent conditions during an experiment. This
complicates the chemical-shift referencing of the resulting NMR data. This problem and other experimen-
tal issues are evaluated here for LC–NMR in methanol:water, using solvent mixtures running from 0% to
100% methanol. It is shown that the use of the methanol methyl signal is superior to the use of the water
signal in any form (either the 1H or the 2H signal), either as a secondary reference, as a signal for shim-
ming, or as a lock signal. Also shown are the limitations of the referencing methods and other experimen-
tal parameters, and the limitations of the solvent-gradient ramp parameters, primarily as they affect
lineshapes.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

We previously evaluated how the use of acetonitrile:water as a
mobile phase affects the NMR methodology needed for running
solvent-gradient LC–NMR� experiments [1]. (The term ‘‘LC–NMR�”
is used here to generally refer to all the various hyphenated per-
mutations of the technique [i.e., LC–NMR, LC–NMR–MS, and LC–
UV–NMR–MS, etc.] because the conclusions apply equally to all.)
It was shown how LC–NMR� has unique NMR chemical-shift refer-
encing issues. It was also shown how the use of acetonitrile:water
mixtures in solvent-gradient LC–NMR� influences how a user
should lock, shim, and acquire the NMR data. Shown here are the
results of a similar evaluation of methanol:water as a mobile
phase.

We studied methanol as a mobile phase because it is the sec-
ond-most heavily used organic solvent in reversed-phase HPLC
after acetonitrile. (Methanol and acetonitrile together account for
the overwhelming majority of reversed-phase HPLC applications,
so it is important to know how to use each of these solvents in
LC–NMR�. In addition, methanol may become more important as
an HPLC solvent, because acetonitrile’s worldwide supply and price
pressures continue to cause shortages [2].) The conclusions shown
here direct users how to best optimize the acquisition parameters
when running LC–NMR� experiments with a methanol:water mo-
ll rights reserved.
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bile phase. The differences we found in the data between using
methanol and acetonitrile has surprised some LC–NMR� users.

There are several reasons why LC–NMR� cannot easily follow
the IUPAC rules for referencing NMR spectra. First, LC–NMR� never
uses ‘‘dilute TMS in CDCl3” as a solvent. Second, the NMR solvents
used in LC–NMR (which are called the ‘‘mobile phase” and are pri-
marily determined by the chromatography) are typically mixtures
of solvents (usually mixtures of water and either CH3CN or
CH3OH). Third, in solvent-gradient acquisitions, the ‘‘solvent” is
programmed to change composition continuously during the sep-
aration, so wide variations of solvent composition can be encoun-
tered within a single experiment. All of these issues make
referencing more difficult to rigorously control. We previously ex-
plained these issues in detail and showed how these issues (and
several others) are manifested when acquiring LC–NMR data with
solvent mixtures of acetonitrile and water [1]. Here we show how
similar effects can be observed in mixtures of methanol and water.

2. Results and discussion

2.1. The HPLC method

The HPLC method controls the solvent composition as a func-
tion of time in LC–NMR� experiments. After the HPLC method
makes any change in the solvent composition (which happens
immediately at the HPLC pumphead), that change propagates
through the HPLC column and tubing into the NMR probe. When-
ever the solvent composition within the NMR probe changes, the
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frequencies of all the 1H resonances move, including the solvent
resonances.

The mobile phase was a binary mixture of CH3OH and D2O, each
spiked with a cocktail of additives whose resonances served as
monitors of chemical-shift changes (discussed below). The HPLC
method is diagrammed in Fig. 1. The diagram is generic in that
the duration of the gradient ramp, in both time and solvent vol-
ume, was changed in different runs. Although some of the sol-
vent-composition changes are sudden, the change of primary
interest is the slow ramp from 0% to 100% CH3OH located in the
middle of the HPLC method.
E.  95:5 + 0.02% TFA
2.2. Acidification of the mobile phase

It has been previously reported that the two 1H resonances in
methanol move relative to each other when methanol is dissolved
in different solvents (due to differential hydrogen bonding) [3–5].
(They are also known to move as a function of temperature [6].)
We found that these two resonances also move relative to each
other as a function of concentration during a 0-to-100% metha-
nol:water solvent gradient in LC–NMR. Wilkins and coworkers re-
ported that when methanol:water is used in LC–NMR, the hydroxyl
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Fig. 1. A generic diagram of the HPLC method used in these studies. This diagram is
oriented with time along the vertical axis (t = 0 at the bottom) and solvent
composition along the horizontal axis, so as to facilitate visual comparisons with
the LC–NMR data. The fixed times within the HPLC method are listed along the
right-hand edge. The duration of the solvent-gradient ramp was a variable in
different experiments, so absolute times after the ramp were not fixed, and the
absolute times in parentheses and italics correspond to those used for the default
solvent-gradient ramp (which had a 1% solvent-composition change per minute
ramp over a 100-min period). Both the CH3OH and the D2O (HOD) solvents
contained multiple additives that served as chemical-shift markers, as is described
in the text.
resonance at ca. 4.8 ppm (which arises from the hydroxyl protons
of each solvent undergoing exchange with each other) will be both
broadened and split [7] unless catalytic amounts of acid or base are
added to the mobile phase [8]. This is illustrated in Fig. 2, which
also shows that the extent of this broadening depends heavily
upon the composition of the mobile phase, and is largest when
the mobile phase is >60% methanol. Fig. 3 shows how the two hy-
droxyl resonances in an unacidified methanol:water mobile phase
A.  5:95  CH3OH:D2O

D.  95:5

C.  75:25

B.  50:50

Fig. 2. This figure shows how mobile phases composed of various ratios of
methanol:water can have broad hydroxyl resonances (near 4.8 ppm), and how
catalytic amounts of acid can sharpen and merge them into a singlet. (The acid
increases the exchange rate of the �OH protons between water and methanol.) The
CH3OH:D2O ratio used to acquire each spectrum was 5:95 (A), 50:50 (B), 25:75 (C),
and 95:5 (D) (ranging from bottom to top). The top spectrum (E) was acquired with
95:5 CH3OH:D2O containing ca. 0.02% TFA (trifluoro-acetic acid). The acid dramat-
ically sharpens the hydroxyl resonance, as indicated by the arrow between D (no
acid) and E (with acid). In all data, the CH3 resonance of methanol was referenced to
3.3 ppm. The widening of the methyl resonance at 3.3 ppm in the top four spectra is
due to radiation damping (as would be expected for samples of this concentration
at this magnetic field strength). The vertical scales of each spectrum were
normalized, so they are not directly comparable.



Fig. 3. Solvent gradient data acquired using no acid. This is a frequency expansion
of the LC–NMR data acquired on an unacidified CH3OH:D2O solvent gradient that ran
from 5% to 100% CH3OH over 54 min, shown as a stacked plot. The lack of any acid
in the mobile phase causes the resonances from the two hydroxyl groups to remain
separate and resolved. Neither of the hydroxyl resonances were suppressed, but the
methyl resonance of CH3OH (located at 3.3 ppm) was suppressed with single-
frequency WET. The transmitter was actively maintained on the methyl signal. The
HPLC column was removed for this acquisition. (This dataset was not acquired with
the HPLC method shown in Fig. 1; it is the only on-flow dataset in this paper that
did not.) The resonances move up to 0.52 ppm (at their extremes), which is much
more that the 0.1 ppm movement of the hydroxyl resonances in an acidified mobile
phase (Fig. 4). Even the methanol hydroxyl group (left-most) moves 0.2–0.25 ppm,
which is about twice what the acidified hydroxyl resonance moves.
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both get resolved and move around during a 0-to-100% solvent
gradient (using the HPLC method shown in Fig. 1). Because these
resolved, broad, and moving solvent resonances complicate both
solvent suppression and the usefulness of the data, we added
TFA (trifluoro-acetic acid; to ca. 0.1% v/v concentration) to all fur-
ther batches of the mobile phase. This increased the exchange rate
of the hydroxyl protons, and caused their NMR signals to always
appear as one singlet – in all ratios of methanol:water. All other
data shown here were acquired by using acidified mobile phase
(with the exception of Figs. 2 and 3, which are specified otherwise).
(Note that, although WET can easily suppress broad solvent reso-
nances, using solvent suppression this way renders useless the cor-
respondingly large portion of the spectrum.) (Note also that the use
of acidification may not be compatible with the separations needed
for a given analysis; this may sometimes make the use of another
solvent like acetonitrile a better choice for the separation.)

2.3. Solvent suppression, WET, and Scout-Scan referencing

The solvent resonances were big enough that we suppressed
both the methyl and the hydroxyl resonances present in the acid-
ified mixtures of CH3OH and HOD. (The HOD is formed from the
D2O by chemical exchange from both the hydroxyl of CH3OH and
absorbed H2O.) Solvent suppression was done with a two-fre-
quency shaped WET [9] pulse in which the transmitter was kept
on one resonance and the other resonance was irradiated by the
SLP (shifted laminar pulse; phase-ramped pulse) technique [10].
This requires the user to decide which of the two resonances the
transmitter should track – either the methyl resonance at
3.3 ppm or the hydroxyl resonance at ca. 4.8 ppm. These two meth-
ods are not equivalent, and the choice has an impact upon the
resulting data (shown below).

The frequencies used for this solvent suppression need to be re-
optimized whenever the solvent resonances move. They move fre-
quently when the composition of the solvent changes frequently,
as occurs during a solvent-gradient method. The rate at which
the re-optimization needs to happen depends upon both the flow
rate and the slope of the solvent gradient (both of which are under
user control via the HPLC method). It is also influenced by how
much the changes in solvent composition move each resonance
(which is not under user control). We used the Scout-Scan tech-
nique [1,9,11] to automatically re-optimize these frequencies for
every increment (spectrum) of the pseudo-2D data acquired during
on-flow LC–NMR� experiments. The Scout-Scan technique first
takes a small-tip-angle 1H spectrum without using solvent sup-
pression, and then analyzes that spectrum both to set the transmit-
ter on the desired resonance and to calculate the resulting
frequency offset(s) for the solvent signal(s) to be suppressed. Next,
it creates a shaped pulse that excites all these resonances, and then
resets the parameters to do a signal-averaged solvent-suppressed
1H spectrum and starts acquisition. The entire Scout-Scan process
takes just a few seconds. The frequency of this process is deter-
mined by the number of transients used per spectrum (our default
was 16). Also under user control are: the number of resonances
searched for, which resonance to keep at a constant chemical shift,
and whether to use 13C-satellite suppression.

To get good NMR data you also need to reference the multiple
spectra (increments) within the pseudo-2D dataset. In solvent-gra-
dient LC–NMR, this is normally done by actively maintaining 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 solvent reso-
nances – either the methyl signal at ca. 3.3 ppm or the hydroxyl
signal at ca. 4.8 ppm.

2.4. The movement of the hydroxyl resonance

Fig. 4 shows the movement of the hydroxyl resonance when the
frequency of the methyl resonance is held constant. This dataset
was acquired by actively maintaining the transmitter on the
methyl signal and referencing it to 3.3 ppm in every increment of
the pseudo-2D experiment. Single-frequency solvent suppression
(at 3.3 ppm only) was used here to allow the hydroxyl resonance
to be seen. This figure shows that the hydroxyl resonance moves
as much as 0.1 ppm relative to the methyl resonance during the
0-to-100% solvent gradient. This is much less than the 2.4-ppm
movement seen in our previous study for the water resonance rel-
ative to acetonitrile in an acetonitrile:water (0–100%) solvent gra-
dient [1]. This striking difference explains some of the differences



Fig. 4. This figure shows the movement of the water resonance in an acidified
methanol:water solvent gradient when the transmitter is actively maintained on
the methanol methyl resonance. This data was acquired identically to that shown in
Fig. 6, except that only single-frequency solvent suppression was used (on the
methanol methyl) to allow us to clearly see the hydroxyl resonance.
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in methodology needed between the two solvent systems (as dis-
cussed below). (We show below that the frequency of the CH3OH
resonance remains rather constant, and serves as an appropriate
secondary reference compound.)
2.5. Relative chemical-shift referencing: CH3- versus –OH

The movements of the methyl and hydroxyl resonances relative
to each other were more carefully evaluated by spiking the mobile
phase with a variety of compounds whose relative 1H chemical-
shift movements could be monitored during the 0-to-100% sol-
vent-gradient ramp. The selection of the mobile-phase additives
was challenging because they had to be soluble in both solvents
(CH3OH and D2O), not excessively retained by the chromatographic
column, and we wanted sharp 1H resonances so that we could
measure lineshape distortions. The final cocktail contained DSS
(sodium 2,2-dimethyl-2-silapentane-5-sulfonate), HMDS (hexam-
ethyldisiloxane), CH3CN, CH3OH, sucrose, H2O, CH2Cl2, CHCl3, and
sodium formate. Their chemical shifts in 50:50 CH3OH:D2O (the
starting conditions), as shown in Fig. 5 were (with CH3OH set to
3.3 ppm): DSS = �0.053 ppm (singlet) and multiplets at 0.6, 1.7,
and 2.8 ppm; HMDS = +0.060 ppm (singlet); CH3CN = 2.015 ppm
(singlet); CH3OH = 3.30 ppm (CH3 group, singlet; used as the sec-
ondary reference signal); sucrose = multiplets ranging from 3.4 to
4.2 ppm, and a doublet at 5.33 ppm (J = 3.9 Hz); HOD = 4.81 ppm;
CH2Cl2 = 5.4 ppm (singlet); CHCl3 = 7.7 ppm (singlet); and for-
mate = 8.2 ppm (singlet). (The formate resonance exhibits two sig-
nals in Fig. 5, with the minor signal appearing at 8.1 ppm. This
signal only became apparent after acid was added to the solvents.
It appears in all subsequent figures because they were acquired
with acidified mobile phase.)

Some of the additives were partly retained on the chromatogra-
phy column under 100% D2O conditions. The HPLC method was de-
signed to compensate for this and to improve our ability to monitor
every resonance in every additive. The HPLC method was started at
50:50 CH3OH:D2O (to equilibrate the system) then changed to
100% D2O for five minutes (from t = 5 to t = 10 min) before starting
the solvent-gradient ramp at t = 10 min (Fig. 1). This allowed
reproducible amounts of additives to be placed on the HPLC col-
umn during each run, and generated multiple ‘‘control” spectra
at the beginning of each run where all of the 1H resonances were
visible (for lineshape verification). Although the sudden solvent
change from 50:50 to 0:100 CH3OH:D2O generated several incre-
ments/spectra that were ‘‘ugly”, this was an acceptable tradeoff
to ensure a reproducible method. (The spectra became ‘‘ugly” be-
cause the sudden large change in solvent moved all of the reso-
nances during one single increment while the NMR spectrometer
continued to signal average, and did so with now non-ideal sol-
vent-suppression frequencies. In addition, the lineshape of every
resonance was severely broadened by magnetic-susceptibility
inhomogeneities in the NMR flow cell created by incomplete mix-
ing of the incoming solvent. This shows that there are limitations
to how rapidly the solvent composition should be changed during
an LC–NMR� experiment, as is discussed below.) Finally, after the
solvent-gradient ramp reached 100% CH3OH, the HPLC method re-
turned to a 50:50 solvent composition (more gently this time) to
allow additional ‘‘control” spectra to be acquired at the end of each
run. An equivalent HPLC method was used in our previous studies
on CH3CN:D2O solvent gradients, [1] which allows us to make com-
parisons between the two solvent systems.

A key decision that a user needs to make when acquiring LC–
NMR� data is whether to maintain the transmitter on the methyl
resonance of CH3OH or on the hydroxyl resonance. The additive
cocktail and the HPLC method were designed to allow us to evalu-
ate this choice. The results are shown in Figs. 6 and 7. Fig. 6 was
acquired by actively maintaining the transmitter on the metha-
nol–methyl resonance for each increment (and referencing it to
3.30 ppm). It shows what a normal LC–NMR dataset should look
like (except that no sample was used and the mobile phases were
spiked with a cocktail of solutes). Fig. 7A is the same data, but rep-
lotted with an unusually compressed time axis to emphasize 1H
chemical-shift movements of the resonances from the cocktail sol-
utes over the entire 0–100% CH3OH ramp. In contrast, Fig. 7B was
acquired by actively maintaining the transmitter on the hydroxyl
resonance (and referencing it to 4.81 ppm). (The hydroxyl signal
was referenced to 4.81 ppm because this value placed the metha-
nol–methyl resonance in 50:50 CH3OH:D2O at 3.30 ppm, which
facilitated comparisons between datasets within this study.)

A comparison of Fig. 7A and B shows that the chemical shifts of
all of the additives are generally more constant when the metha-
nol–methyl signal is kept on resonance (Figs. 7A and 6), as opposed
to when the hydroxyl signal is kept on resonance (Fig. 7B). This
shows that holding the hydroxyl resonance constant (with either
the 2H lock or the Scout-Scan method) is undesirable and produces
misleading 1H chemical-shift scales. Although this latter method
(keeping the hydroxyl signal on resonance, especially by using a
2H lock) is easy to run, and is commonly used, it increases chemical
shift error and variability. The methanol–methyl signal should be
kept on resonance to maintain the most accurate chemical-shift
scales. (A similar conclusion was recently found for solvent gradi-
ents composed of acetonitrile:water, which generated significantly
larger relative chemical-shift movements [1].)

2.6. Referencing on methanol as opposed to other organic solutes

Fig. 7A and B show that the methyl signal of methanol is a more
stable chemical-shift reference than the hydroxyl resonance in an
acidified mobile phase, but another question is whether a reso-
nance from some other compound might be even more stable.
When we made a similar evaluation of an acetonitrile:water mo-
bile phase, we found that the acetonitrile resonance was clearly
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Fig. 5. A 1H spectrum of the mobile phase and its additives. This spectrum was acquired at an equilibrated solvent composition of 50:50 CH3OH:D2O using two-frequency
WET suppression. The resonances of the additives are labeled. The CH3OH was used as a secondary reference signal and assigned a value of 3.3 ppm, which places the CH3CN
singlet at 2.015 ppm and the DSS-singlet at �0.053 ppm in this solvent composition. (This spectrum was acquired with 48 transients and no 2H lock, and was processed with
no zerofilling, 1.0 Hz linebroadening, and solvent subtraction on the residual methanol methyl signal [ssfilter = 80].)

Fig. 6. Two-frequency suppression; methanol–methyl centric. This on-flow LC–NMR data was acquired with two-frequency solvent suppression with the transmitter actively
maintained on the methanol–methyl resonance. The mobile phase was a 0-to-100% solvent gradient of acidified methanol:water.
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the best choice [1]. The differences shown here with a metha-
nol:water mobile phase are less dramatic, but the data do show
that methanol is the best choice. The CHCl3 and formate signals
track in opposite directions, each doing so in ways that are unlike
any other resonances, which makes them not useful as standards
(Fig. 7A). (The minor signal at 8.1 ppm merges with the main for-
mate resonance at high methanol concentrations.) In contrast,
the CH3CN, DSS-singlet, and HMDS signals all track together in
the same direction and in approximately the same magnitude, so
it is possible that one of those signals more closely represents a
more ‘‘stable” chemical-shift reference than does the methyl reso-
nance of methanol. The anomeric sucrose and CH2Cl2 signals also
track the behavior of the methanol–methyl signal somewhat clo-
sely, but they do move in opposite ways from each other, with
the CH2Cl2 diverging somewhat more rapidly.

The most similar-behaving three resonances (the CH3CN, DSS-
singlet, and HMDS-singlet signals) arise from nuclei that are far-
ther from functional groups that could perturb their chemical
shifts than is the methyl resonance of methanol. Future work could
look into whether LC–NMR� data acquired with methanol:water
might benefit from having its chemical shifts corrected to the
CH3CN resonance (as an internal standard). Practical consider-
ations completely preclude the regular use of either HMDS or
DSS (because both are retained by reversed-phase chromatography



A.  Methyl-centric acquisition

B.  Hydroxyl-centric acquisition

Fig. 7. Relative chemical-shift movements. Figure A (bottom) shows the data from Fig. 6 compressed along ‘‘t1” so as to better emphasize the relative chemical-shift
movements of the different resonances. Figure B (top) was acquired identically except that during acquisition the transmitter was now actively maintained on the combined
hydroxyl resonance (instead of on the methanol–methyl resonance as was used in A). The location of the transmitter in each spectrum is indicated by the vertical arrows. Both
spectra were acquired with two-frequency solvent suppression and were acquired without using a 2H lock.
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columns, and because both are known to interact with many sol-
utes through weak binding).

In this acidified methanol:water mobile phase, when the trans-
mitter is kept on the methanol–methyl signal, the singlet from
CH3CN moves 0.05 ppm during the 0–100% solvent gradient
(Fig. 7A). In contrast, when the transmitter is kept on the hydroxyl
resonance, the singlet from CH3CN moves ca. 0.16 ppm (Fig. 7B).
This 0.16 ppm must be a combination of the 0.05 ppm movement
of the CH3CN singlet by itself, plus another 0.11 ppm movement
of the water resonance during the solvent gradient (as shown in
Fig. 4). The hydroxyl resonances in unacidified methanol:water
(Fig. 3) move much more than they do in acidified methanol:water
(Fig. 4), so if the transmitter was kept on the hydroxyl resonance in
an unacidified mobile phase, we expect that the CH3CN signal
would move much more dramatically (although that experiment
was not run).

2.7. The 2H lock

We previously showed that the use of a 2H lock when running
steep solvent-gradient ramps in a CH3CN:D2O mobile phase can in-
duce linebroadenings in the solute resonances [1]. This is caused
by inappropriate chemical-shift tugging by the 2H lock (which oc-
curs within each increment, because the lock is tracking a D2O/
HOD resonance that can move and broaden faster as the solvent
composition ramps faster). In contrast, we did not see this problem
when using CH3OH:D2O – there was no discernable difference in
linewidths between acquiring the data with or without a 2H lock
(when using the Scout-Scan to ‘lock’ the spectrum on the methanol
methyl resonance). This is despite a careful comparison of the line-
widths of multiple resonances in the two cases (especially the DSS
and the HMDS resonances; data not shown). This is presumably
because the hydroxyl resonance moves less during a 0-to-100%
gradient of acidified methanol:water than in a corresponding gra-
dient of acetonitrile:water [1]. However, it still remains a bad idea
to use a 2H lock on the D2O signal if you do not use the Scout-Scan
to ‘lock’ the spectrum on the methanol methyl resonance, for all
the same reasons that were shown before [1].

We expect that the 2H lock would be much more damaging to
stable chemical shifts when used with an unacidified metha-
nol:water mobile phase (as compared to acidified methanol:water).
Fig. 3 shows that the hydroxyl 1H resonances change their chemi-
cal shifts much more dramatically when there is no acid in the mo-
bile phase, and the 2H resonances will behave in the same way.
Additionally, the unacidified mobile phase also has two deuterated
hydroxyl resonances, which would add confusion for a 2H lock. The
use of unacidified methanol:water was not further evaluated here,
however, because it is impractical to use as a mobile phase for LC–
NMR� due to the multiple broad hydroxyl resonances.

2.8. The solvent-gradient-ramp rate

The steeper the solvent-gradient ramp becomes in either time
or volume, the more inhomogeneous becomes the solvent mixture
in the NMR flow cell, which can in turn cause broadening of the
NMR resonances. The solvent inhomogeneity occurs either from
the use of ramp rates that are too steep for the NMR flow cell’s vol-
ume or from incomplete mixing of the contents of the flow cell.
(Smaller NMR flow cells tolerate steeper solvent ramps, but they
also decrease NMR sensitivity.) Fig. 8 demonstrates this effect by
showing the variation in linewidth of a narrow resonance (the
CH3CN in the cocktail) in datasets acquired with 0-to-100% CH3OH
ramps run in 100 min (1%/min), 50 min (2%/min), 25 min (4%/min),
and 12.5 min (8%/min), all acquired at a constant flow rate of 1 mL/
min. The left-most spectrum has a relatively narrow CH3CN line-
width throughout the 0-to-100% ramp section, but shows that
the resonance gets broader as the solvent-gradient ramp becomes
ever steeper (the three right-most spectra). This linebroadening is
caused solely by the steepness of the solvent gradient, and cannot
be removed by shimming. Equivalent ramp rates in an acetoni-
trile:water mobile phase produced roughly twice as much linebro-
adening [1].

Fig. 9 shows that the magnitude of this linebroadening is deter-
mined by the steepness of the ramp in both time and volume. The
right-most spectrum is a control spectrum of the CH3CN lineshape
during a 1%/mL ramp over 100 min, at 1.0 mL/min (1%/min). The
left-most spectrum was acquired with a ‘‘steep and fast” gradient
ramp of 0–100% at 8%/mL over a period of 12.5 min at a flow rate
of 1.0 mL/min (8%/min). The distortion of the lineshape during
the 0–100% ramp is clearly visible. The middle spectrum was ac-
quired with a 0–100% ramp of 8%/mL, but by pumping at a rate that
was 20-fold slower and over a time period that was 20-fold longer
(the flow rate was 0.05 mL/min over 250 min, giving a ramp rate of
0.4%/min). This ‘‘steep and slow” spectrum shows that if the flow
rate is slow enough, it can compensate for a solvent-gradient ramp
that is steep in volume. This effect was also seen with acetoni-
trile:water solvent gradients [1].

Figs. 8 and 9 together show that NMR lineshapes can degrade
significantly if overly steep solvent gradients are used in LC–NMR�.
These data show that an upper limit of 2%/mL and 2%/min is



1%/mL
(1%/min)
“Average”

8%/mL
(8%/min)

“Steep & Fast”

2%/mL
(2%/min)

4%/mL
(4%/min)

Fig. 8. Different ramp rates. A comparison of the CH3CN linewidth acquired with 0-to-100% methanol ramps over 100 min (1%/min), 50 min (2%/min), 25 min (4%/min), and
12.5 min (8%/min) (left-to-right). All spectra were acquired at a flow rate of 1 mL/min, and used a 2H lock. All datasets were plotted with the same horizontal expansion; the
different experimental conditions necessitated different vertical scales. Baseline correction was used on all four datasets for spectral clarity. All spectra were acquired
identically except for the ramp rate and the number of transients per increment (which was 16, 8, 4, and 2; left-to-right).
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reasonable for a 4.6-mm LC column in a 60 lL NMR flow cell when
using acidified methanol:water. This is twice the 1% limit that was
determined for acetonitrile:water [1]. The upper limit is influenced
by the flow rate and the magnetic susceptibilities of the solvents
being mixed (both as shown), and by the sizes of the LC column
and of the NMR flowcell (data not shown). A mobile-phase-
compensation method has been proposed as a way to work around
this problem [12].
2.9. Diffusion

The middle spectrum of Fig. 9 was acquired with a ramp that
was steep in volume, but run so slowly that the lineshape was
acceptably narrow. The lineshape could be narrowed due either
to more time for active diffusion within the NMR flow cell (which
would actively render the magnetic susceptibility homogeneous
over time) or to the lack of ‘‘jetting” of fresh solvent into the flow
cell (which would avoid the creation of inhomogeneity in the first
place). (‘‘Jetting” describes the case where the incoming solvent
squirts into the center of the flow cell, rather than enter the flow
cell in a steady laminar fashion that could evenly sweep the con-
tents of the flow cell out of the exit tubing. It can potentially occur
whenever the flow rate is high and the diameter of the input tubing
is small.) To see if active diffusion can contribute, we repeated the
‘‘8%/min 8%/mL” experiment, but manually stopped the HPLC
pump 22 min into the run, while the NMR spectrometer continued
to acquire data. Figs. 10 and 11 show the response of the CH3CN
lineshape during this experiment. Fig. 11 shows that the lineshape
recovers from a 23-Hz-wide lump just before the pump was
stopped (at 22 min into the run; seen in the bottom trace of
Fig. 11), to a 5-Hz-wide lump within 60 s of stopping the pump,
to a 3-Hz-wide singlet within 90 s, to a 2.7-Hz-wide singlet within
150 s, and to a 2.2 Hz singlet within 300 s (5 min). The CH3CN line-
width was 1.54 Hz (±0.14 Hz) at the start of the experiment (in
50:50 CH3OH:D2O, where it was shimmed). This shows that active
diffusion is taking place. (The author’s experience is that the elu-
tion of concentrated solute peaks into the NMR flow cell often does
not show a similar diffusion behavior.) This data does not rule out,
however, that jetting could also be involved.
2.10. Shimming

In LC–NMR�, the best lineshapes are always obtained when the
data are acquired on the same solvent composition (both in com-
ponents and ratio) as was used to shim the probe. As the solvent
composition used for data acquisition deviates further from that
used for shimming, the lineshape will increasingly degrade. The
process is completely reversible, which means that the lineshape
will recover when the solvent composition is returned to that used
for shimming. (In contrast to tube-based probes that must be
reshimmed on every sample tube, it is the author’s experience that
once a flow probe is shimmed, it remains well shimmed for days –
unless the solvent composition is changed. This is due to the fixed
geometry of both the flow cell and the solvent, and to the lack of a
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Fig. 9. Different ramp speeds. A comparison of the CH3CN linewidth acquired with 0-to-100% methanol ramps of three different speeds. The three datasets can be labeled
‘‘steep and fast”, ‘‘steep and slow”, and ‘‘average” (left-to-right). The 0–100% ramps that were used (left-to-right) occurred over 12.5 min (at 1.0 mL/min, so 8%/mL and 8%/
min; ‘‘steep and fast”), 250 min (at 0.05 mL/min, so 8%/mL but 0.4%/min; ‘‘steep and slow”), and 100 min (at 1.0 mL/min, so 1%/mL and 1%/min; ‘‘average”). The middle ‘‘steep
and slow” spectrum was comparable to the left-hand ‘‘steep and fast” spectrum except it was run 20 times slower. The right-hand spectrum is displayed as a control spectrum
that shows acceptably good lineshape. The total time of the middle experiment was almost 600 min, including the spectra acquired before and after the 0-to-100% ramp. All
datasets were plotted with the same horizontal expansion, but the different experimental conditions necessitated different time-axis expansions and different vertical scales.
All spectra were acquired in the same way other than the ramp rate, the flow rate, and the number of transients per increment (which were 2, 40, and 16; left-to-right,
respectively). The spectrum on the left has an increased vertical scale as compared to the other two spectra, so as to see the broad signals. (The dotted line on the spectrum on
the left is for comparison to Fig. 10.) The spectrum on the right stopped data collection at 131 min; the spectrum on the left continued data acquisition until 45 min (with data
after 40 min not shown for clarity). All data in this figure were baseline corrected in F2 for clarity.
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meniscus.) This means that, for on-flow solvent-gradient experi-
ments, a user should shim on a solvent composition that is at the
mid-point of the solvent-gradient ramp.

This is nicely illustrated by observing that the 2.2-Hz ending
linewidth of the CH3CN singlet shown in Figs. 10 and 11 was not
as narrow as the 1.54 Hz measured at the start of the experiment.
The data were acquired on a probe that was shimmed on equili-
brated 50:50 CH3OH:D2O (as were all solvent-gradient runs in this
study). The solvent composition at the end of Fig. 10 was no longer
50:50, but when the solvent composition was returned to 50:50
CH3OH:D2O (for the start of the next run), the linewidth did re-
cover back to 1.54 Hz.

Fig. 12 shows how the user’s choice of initial shimming condi-
tions can affect lineshapes during a run. The bottom spectrum
(12A) shows the lineshape of the CH3CN resonance when the sol-
vent composition was 50:50 CH3OH:D2O (acidified) and the probe
was shimmed on that solvent composition. The top spectrum (12B)
was acquired on the exact same sample, but with the shim values
that were obtained when the probe was shimmed on 95:5 CH3OH:-
D2O (acidified). The several hertz of additional linebroadening
present in the top spectrum is representative of what will occur
in the middle of an acquisition that uses a large solvent-gradient
method (i.e., from 5% to 95%) if you shim on the final ending (equi-
librium) solvent conditions.

Fig. 13 shows how changes in the solvent composition can de-
grade the lineshape during a solvent-gradient acquisition, even
when the experiment is shimmed ‘‘properly”. These data were ac-
quired by shimming the probe on 50:50 CH3OH:D2O, and then
pumping three different solvent compositions into the probe
(one-at-a-time). Shown is the linewidth of the CH3CN resonance
when acquired in 5:95 CH3OH:D2O (Fig. 13A; bottom), 50:50
CH3OH:D2O (Fig. 13B; middle), and 95:5 CH3OH:D2O (Fig. 13C;
top). The CH3CN linewidth in the middle spectrum is 1.6 Hz, but
it widens at least twofold when the solvent ratios are at their ex-
tremes. This shows that, even if a user shims on a solvent compo-
sition that is in the middle of the solvent-gradient extremes,
several hertz of additional linebroadening will typically occur at
the extremes of a 0–100% solvent gradient. (It is also the author’s
experience that the amount of linebroadening becomes dramati-
cally worse if a user accidentally shims at one solvent extreme
and then acquires data at the other solvent extreme; data not
shown).

When doing LC–NMR� in a methanol:water mobile phase, differ-
ent shimming techniques can yield very different results. Shimming
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Fig. 10. The effects of static diffusion: contour plot. These data show the linewidth
of the CH3CN resonance during an ‘‘8%/min 8%/mL” experiment where the pump
was stopped 22 min into the run (at the dotted line), but NMR acquisition
continued so as to monitor the effects of diffusion. The spectra at the beginning of
the run (from 0 to ca. 7 min along the time axis) were acquired on flowing and
equilibrated 50:50 CH3OH:D2O, whereas the data acquired after 22 min were
acquired on a solvent mixture that was no longer flowing, and was not equilibrated
anywhere in the LC–NMR system other than by active diffusion happening within
the NMR flow cell. The effect of stopping the pump can be seen by comparing the
first 22 min of this spectrum to the first 22 min of the left-most spectrum in Fig. 9
(to the dotted line), which was run with the same conditions except for the
stopping of the pump. (This spectrum was acquired with 2 transients per
increment.)

Fig. 11. The effects of static diffusion: stacked plot. An expansion of the data shown
in Fig. 10, now displayed as a stacked plot to more easily monitor the linewidths of
the CH3CN resonance. The HPLC pump was manually stopped during the first
displayed spectrum. All the remaining increments were acquired while the mobile
phase was static. (In contrast to Fig. 10, the F2 axis here is shown in Hz to facilitate
linewidth measurements.)
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on the 2H signal – using either the lock signal or a 2H pulsed-field-
gradient (PFG) map – will shim on the hydroxyl resonance, which is
notoriously sensitive to broadening from both temperature
gradients and solvent-composition gradients. If such broadenings
exist, then any form of shimming on the 2H signal will (undesirably)
transfer these broadenings to every other resonance in the 1H
spectrum. This converts a 1H spectrum with narrow organic reso-
nances and a broad water resonance into an (undesirable) spectrum
with broad organic resonances and a narrow water resonance. This
happens because temperature gradients are often linearly depen-
dent upon the Z axis, as is the z1 shim, so the temperature-gradi-
ent-induced linebroadening can be compensated for by mis-
setting z1.

In contrast, if the 1H signal is used for PFG shimming (which is
dominated by the methyl protons in the CH3OH:D2O used here),
the narrowest possible 1H linewidths will be obtained for all of
the organic resonances (but this will leave the hydroxyl signal
broad, which is fully appropriate). This is also true in 1H spectral
shimming, depending upon which 1H resonance is monitored. It
is true to a lesser extent in 1H free-induction-decay (FID) shim-
ming, depending upon how much of the FID is made up of an
HOD/H2O signal.

2.11. Acquisition parameters

When using acetonitrile:water solvent gradients, we found that
the balance between the number of transients and the number of
increments can have a noticeable effect on the quality of the
NMR data in on-flow solvent-gradient LC–NMR� datasets [1]. In
contrast, this study did not find this behavior in (acidified) metha-
nol:water solvent gradients (data not shown). This is undoubtedly
due to the reduced linebroadenings seen with acidified metha-
nol:water solvent gradients (vs. acetonitrile:water).
3. Conclusions

These data show that the maximum solvent-gradient ramp rate
for methanol:water is twice as big as that found for acetoni-
trile:water. They also show that using the water resonance to ref-
erence or shim (or sometimes lock) the NMR spectra in LC–NMR�
experiments is unsatisfactory, especially for on-flow solvent-gradi-
ent experiments, despite the fact that this is sometimes still done.
This is true regardless of whether the water resonance is used as a



Fig. 12. An illustration of how the initial shimming conditions can affect the
lineshape. Both spectra were acquired when the solvent composition was 50:50
CH3OH:D2O (acidified) and show the linewidth of the CH3CN resonance. The bottom
spectrum (A) was obtained by using the shim values that were obtained on the
same solvent mixture (50:50 CH3OH:D2O). The top spectrum (B) was obtained by
using the shim values that were obtained on 95:5 CH3OH:D2O. (The linewidth of the
bottom spectrum [1.5 Hz] was wider than normal due to contamination built up in
the flow cell caused by prior heavy usage of the flow cell for DI-NMR.).

Fig. 13. An illustration of how the solvent composition influences lineshape during
a solvent-gradient acquisition. All three spectra were acquired with the same shim
values – which were obtained by shimming on 50:50 CH3OH:D2O – and show the
linewidth of the CH3CN resonance. The bottom spectrum (A) was acquired on 5:95
CH3OH:D2O; the middle reference spectrum (B) was acquired on 50:50 CH3OH:D2O,
and the top spectrum (C) was acquired on 95:5 CH3OH:D2O. (The linewidth of the
middle spectrum – 1.5 Hz – was wider than normal due to contamination built up
in the flow cell caused by prior heavy usage of the flow cell for DI-NMR.) (Although
all three spectra were acquired sequentially, for this figure the peak amplitudes
were normalized and the peaks were re-referenced to zero.)
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2H lock (for D2O) or as an internal standard (for H2O or HOD).
Using the 1H methyl resonance of CH3OH as a secondary reference
and as a signal for shimming (and effectively as a lock signal) is
shown here to have many advantages and be a better choice. When
comparing CH3OH to other available compounds as secondary
chemical-shift reference signals, it appears to be a reasonable
choice.

These conclusions apply to any experiments that use LC–NMR
or related techniques (such as LC–NMR–MS, LC–PDA–NMR–MS,
LC–MS–NMR–CD, CapLC–NMR, LC–SPE–NMR. [13]; hence the use
here of the term LC–NMR�). They certainly apply to LC–NMR�
experiments that use solvent gradients and are acquired ‘‘on-flow”.
Some of these conclusions also apply to isocratic on-flow experi-
ments, and some apply to solvent-gradient stopped-flow experi-
ments. Some of these conclusions also apply to other flow-NMR
methods such as flow-injection-analysis NMR (FIA-NMR) [14]
and direct-injection NMR (DI-NMR) techniques [11] such as VAST
or BEST. Some also apply to conventional (i.e., 5-mm) tube-based
experiments where the samples either have temperature gradients
or use solvent mixtures that may not be sufficiently well mixed.

4. Experimental

All NMR spectra were acquired on a Varian INOVA 500-MHz
NMR spectrometer running VNMR software. It was equipped with
an H{C,N} IFC flow probe with an active volume of 60 lL (115 lL
total volume) maintained at 20 �C. All NMR data were acquired
with the following conditions unless otherwise indicated: 2.048 s
acquisition time (at), 0.001 s recovery delay (d1), 8000 Hz spectral
width, 32,768 complex points (np), 2 steady-state scans, 16 scans
(nt), no digital signal processing, no 2H lock, two-frequency solvent
suppression with the transmitter on the methyl resonance of
CH3OH, and 21.5-ms seduce pulses for WET. Unless otherwise indi-
cated, all NMR data were processed without zerofilling, weighting
functions, solvent-subtraction notch filters (ssfilter), or baseline
correction, so as to best evaluate the raw data.

The chromatography was performed with a Varian 9012 pump,
a 9050 UV detector, an LC–NMR Analyte Collector, and a Varian
ResElut 5-lm C18 HPLC column (150 � 4.6 mm, #105420). The de-
fault HPLC method was [(time) action]: (0.0) 50:50 CH3OH:D2O;
(5.00) 50:50 CH3OH:D2O; (5.01) 0:100 CH3OH:D2O; (10.0) 0:100
CH3OH:D2O; (110.0) 100:0 CH3OH:D2O; (120.0) 100:0 CH3OH:D2O;
(125.0) 50:50 CH3OH:D2O; (130.0) End, as is graphically shown in
Fig. 1. Experiments were then run using different flow rates (the
default was 1.0 mL/min) and different ramp durations/rates (the
default was 1%/min = 1%/mL). (Users should be cautioned that
the use of a 100% aqueous mobile phase even temporarily, as is
shown here, can damage some C-18 columns.)

The solvents used were methanol (CH3OH; EM Science Omnisolv
Glass Distilled; #MX0480–1) and D2O (99.9 atom%D, Isotec
#151882). No significant measures were used to keep the (hygro-
scopic) D2O free of absorbed water during use, so it contained a mea-
surable amount of HOD. Both solvents were spiked with a cocktail of
compounds that were dissolved in 50:50 CH3OH:D2O, so that they
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each contained (listed in chemical-shift order; amounts added and
final concentrations listed in brackets): DSS (sodium 2,2-dimethyl-
2-silapentane-5-sulfonate hydrate) [36.6 mg/L, 0.155 mM]; HMDS
(hexamethyldisiloxane) [104.2 lL/L, 0.490 mM]; CH3CN [25 lL/L,
0.479 mM]; sucrose [101.9 mg/L, 0.298 mM]; CH2Cl2 [37.5 lL/L,
0.63 mM]; CHCl3 [75 lL/L, 0.91 mM]; sodium formate [41.8 mg/L,
0.615 mM]; and TFA (trifluoro-acetic acid) [1 mL/L, 13.4 mM]. As
the spiking cocktail was dissolved in 50:50 CH3OH:D2O, each solvent
also contained CH3OH [5 mL/L, �123 mM] and D2O [5 mL/L,
�275 mM].

PEEK tubing was used in the LC–NMR system. Readers should
be cautioned that PEEK tubing can absorb methanol that can later
be leached back out of the tubing. This effect can cause methanol
contamination for long periods of time after the solvent system
is switched to another solvent system (or deuterated methanol).
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