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Wide ranges of solvent conditions are generated during solvent-gradient LC-NMR. This complicates the
referencing of the chemical-shift scale of the resulting NMR data. The problems that arise when perform-
ing LC-NMR in acetonitrile:water - particularly when the mobile-phase composition can range anywhere
from 0% to 100% - are examined here, and the reliability of the secondary reference signals are evaluated.
It is shown that under these conditions the use of the acetonitrile signal is superior to the use of the water
signal in any form (either the 'H or the ?H signal) as a secondary reference, a lock signal, and a signal for
shimming. The limitations of the referencing methods and other experimental parameters, and the lim-
itations on the solvent-gradient ramp parameters, primarily as they affect lineshapes, are all shown.
These results are compared to the way some other publications have referenced the 'H chemical-shift
axis (when using acetonitrile:water mixtures to perform reversed-phase chromatography LC-NMR).

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

An important part of NMR spectroscopy is the referencing of the
chemical-shift scale so that proper peak positions can be deter-
mined [1]. In solution-state '"H NMR (in CDCL; samples), this is
sometimes accomplished by adding the primary reference stan-
dard TMS (tetramethylsilane) directly to the sample [2]. Alterna-
tively, a secondary reference standard such as the 'H resonance
of CDCl;3 (or other solvent signal) can be used, once its chemical
shift (relative to TMS) has been determined.

In addition to the choice of whether to use either a primary or a
secondary reference standard (i.e., which compound is used to gen-
erate the signal), there are three general methods to accomplish the
referencing [1]. The firstis to use an internal standard [2]. The second
is touse a lock signal (typically the 2H signal of the solvent). The third
is to use an external sample. This “external sample” method may
use either the “substitution method” (the traditional method of
swapping NMR tubes and running another spectrum; in which
the sample and the reference are in different NMR tubes), or by
having two tubes in the magnet simultaneously (one with the ref-
erence and another with the sample; using coaxial tubes or not;
using either an internal lock or an external lock), or by adjusting
the lock frequency on the spectrum of one unlocked sample so as
to make the spectrum of the next (unlocked) sample properly ref-
erenced [3].
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The use of these three general methods to reference NMR spec-
tra is well documented for conventional solution-state NMR spec-
troscopy, but the referencing process is less consistent for flow
NMR techniques [4] that use solvent gradients, such as LC-NMR
or LC-NMR-MS. (Henceforth in this paper, the term “LC-NMRx"
will be used to generally refer to all the various different hyphen-
ation and hypernation [5] permutations of the technique, such as
LC-NMR, LC-NMR-MS, and LC-UV-NMR-MS, etc.) LC-NMRx has
some additional chemical-shift-referencing issues that have not
been fully addressed by IUPAC conventions [1]. It appears to be un-
ique in the NMR world in terms of the kinds and number of sources
of variability (errors) in the referencing process. This paper docu-
ments these variables for a mobile phase composed of acetoni-
trile:water (either CH3CN:D,0 or CH3CN:H,0), because this is the
most commonly used mobile phase in LC-NMRx. It shows the ef-
fects of solvent gradients (as used for chromatographic elution)
running from 0% to 100% (by volume) CH5CN, so as to cover the en-
tire range of solvent-gradient and solvent-composition behaviors.
This paper focuses on the referencing errors that arise from using
the first and second referencing methods discussed above - the
“internal standard” and the “lock signal” methods - and it will
focus exclusively on 'H-observe spectra.

[UPAC has proposed that the primary reference standard for 'H
spectra be “1% by volume TMS in CDCl3” set to 0.0 ppm (with the
chemical-shift scales of all X nuclei determined from here) [1,6].
In reversed-phase LC-NMRx, TMS is not a useful option, both be-
cause of its limited solubility in the polar aqueous mobile phases
used and because it can be retained on LC columns. For working
in water, DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate)
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[7-9] and TSP (sodium 3-(trimethylsilyl) propanoate) [9,10] have
been proposed as alternative internal reference compounds (and
DSS is considered in practice to have the same chemical shift as
TMS) [1]. (Note that the literature sometimes reverses the abbrevi-
ations DSS and TSP [11].)

When solvent gradients are used in LC-NMRx, the composition
of the mobile phase changes during the NMR acquisition. (In this
respect, LC-NMR+ may be unique among NMR applications.) As
the solvent-composition changes, the NMR resonances move.
Chemical-shift reference standards are well known to undergo
changes in their chemical shifts when dissolved to differing con-
centrations in solutions (caused by mixing samples with different
bulk magnetic susceptibilities and by other solvent-association
effects) [12-14]. The 'H chemical shift of the TMS resonance has
been found to be dependant upon solvent, pH, concentration, tem-
perature, and sample shape and orientation [15-19], and it moves
as much as 0.23 ppm (for 1% TMS solutions) [20] or more [12]
when it is dissolved in different solvents. The 'H chemical shift
of DSS moves upfield by ~0.1 ppm as a function of concentration
(ranging from 0.5% to 5% by weight; 0.023-0.23 M) [3]. The 'H
chemical shifts of DSS and TSP are sensitive to pH and ionic
strength [8,21-23], and they also move upon interaction with
other molecules (i.e., purine and proteins, and cyclodextrins),
which caused some studies to use other internal reference stan-
dards [9,24-26]. (It was also shown, by LC-NMR, that the 2°Si
chemical-shift-reference standards hexamethyldisilane (HMDSS)
and octamethyltrisiloxane (OMTSO) undergo large chemical-shift
movements during solvent gradients [27].) So it is well docu-
mented that the 'H chemical shifts of conventional solution-state
reference standards can move as a function of solvent, tempera-
ture, concentration, pH, ionic strength, and the presence of other
compounds.

Other secondary chemical-shift reference compounds have
been used for specific 'H NMR applications. Formate has been used
for acquiring 'H spectra of serum, because it does not interact with
protein macromolecules in the serum (unlike TSP) [28]. Hexame-
thyldisiloxane has been used in organic solvents to improve quan-
titation [14]. Both DSA (4,4-dimethyl-4-silapentane-1-ammonium
trifluoroacetate) and dioxane have been used for protein samples

because they were shown to not interact with proteins [25,29].
The internal standard N,N’',N”-trimethyl(2-trimethyl) ethylammo-
nium iodide (TMS-A) was proposed as a way to minimize some
of the limitations of TSP and DSS [30], and other compounds have
been proposed to minimize some of the limitations of TMS [31-
33].

The 'H signal of H,0 (or HOD) was sometimes used as a primary
chemical-shift reference standard decades ago [34,35], but that
stopped long ago when it was observed how much the water res-
onance moved as a function of temperature, pH, ionic strength, and
concentration [8,36] (which presumably occurs largely due to
changes in hydrogen bonding). Currently, water sometimes serves
as a secondary chemical-shift standard, typically for '"H NMR of bio-
chemical samples [22], but only because its chemical shift as a
function of temperature has been well documented [8,23,36]. It
is less well documented how much the chemical shift of water in
a mixture depends upon the composition of the mixture (mostly
because it can be quite variable), although this effect was observed
in the very early days of NMR [37]. In 1958, Schneider et al. showed
that the chemical shift of water changes as much as 4.58 ppm be-
tween a solution-phase and a gas-phase sample [38]. In our data
(which is solution-phase LC-NMRx only), we can easily see the
water resonance move over a 2.4 ppm range, as is shown in
Fig. 1. The proton chemical shift of water is also well known to
have a large dependence upon sample temperature [39,40], and a
dependence upon the concentration of dissolved solute [26].

In modern solution-state NMR, TMS always serves as only a pri-
mary-reference internal standard (although the 'H signal of TMS
was also used as a lock signal decades ago [14]). In contrast, a sol-
vent signal like CDCl3 can serve as either an internal standard (by
referencing to its residual 'H resonance) or as a lock reference (by
locking on the 2H signal). LC-NMR* experiments present more
complicated choices. First, when CH3CN:D,0 or CH3CN:H,0 mix-
tures are used as the mobile phase, one could use either the water
or the acetonitrile signals for 'H-chemical-shift referencing. Sec-
ond, the water could serve as either an internal standard (when
using the 'H resonance of H,O or HOD) or as a lock signal (when
using the ?H resonance of D,0 or HOD). (In LC-NMRx, D,0 is often
used in place of H,0 because it is a relatively inexpensive way to
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Fig. 1. Single-frequency suppression. This is LC-NMR data acquired with single-frequency solvent-suppression (on CH3CN only, no HOD suppression) so as to more easily see
the movement of the HOD resonance during the solvent gradient. In this experiment, the transmitter was actively maintained on the CH5CN resonance. The resulting 2.4-ppm
movement of the water resonance tracks the solvent composition shown graphically in Fig. 2. Due to the void volume of the plumbing and the signal-averaged nature of the
NMR acquisitions, there is a ca. 3-min lag time (ca. 3 mL at the flow rate of 1 mL/min) between when the solvent-composition changes at the HPLC pumphead and the 'H
resonances in the NMR flow cell reflect the change. (Acquired with 16 transients per increment, a 1% ramp at 1 mL/min, and no 2H lock.)
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reduce solvent background signals and it provides a 2H lock.) In
contrast, the CH3CN can serve only as an internal standard.
(Although the Scout-Scan method used here and described below
does allow the CH3CN signal to essentially function as a field/
frequency lock.)

The data presented here show that many problems can occur
when using the water signal for any purpose - either as a 'H refer-
ence, or as a 2H lock, or for shimming. It shows how the 2H lock on
D,0 or HOD actually creates chemical-shift instability. It also shows
that the acetonitrile signal is superior to the water signal for all of
these purposes. (Note that, if deuterated acetonitrile (CD3CN) is
used and you use a 2H lock on the CD5CN, the chemical-shift scale
will be well-behaved, however this case will not be discussed here
further.)

2. Results
2.1. The HPLC method

During LC-NMRx experiments that use solvent gradients, the
HPLC method controls the solvent composition as a function of
time. Whenever the HPLC method makes a change in the solvent
composition (which happens immediately at the HPLC pumphead),
that change will propagate through the HPLC column and assorted
tubing to the NMR probe. When the solvent-composition changes
within the NMR probe, this causes the frequencies of all the 'H
resonances to move - including the solvent resonances.

The mobile phase used in this study was a binary mixture of
CH5CN and D50, each spiked with a cocktail of additives (whose
resonances serve as chemical-shift change monitors; as described
below). The HPLC method used here is diagrammed in Fig. 2. This
figure is generic in that the duration of the gradient ramp, in both
time and solvent volume, was changed in different runs. Although
some of the solvent-composition changes are sudden, the change
of primary interest is the slow ramp from 0% to 100% CHsCN in
the middle of the HPLC method.

2.2. Solvent suppression and referencing

The solvent resonances were typically large enough that we
suppressed both the CH5CN and the HOD resonances. (D,0 typi-
cally absorbs enough H,O to form an observable amount of HOD
during LC-NMRx unless significant precautions are taken.) One
way to accomplish the suppression is to use a two-frequency
shaped (WET [41]) pulse in which the transmitter is kept on one
resonance and the other resonance is irradiated by the SLP (shifted
laminar pulse; phase-ramped pulse) technique [42]. This requires
the user to decide which of these two resonances to keep the trans-
mitter on - either the CH5CN or the HOD. These two cases are not
equivalent, and the choice has a big impact upon the resulting data,
as is shown below.

Whenever the solvent resonances move (due to solvent-compo-
sition changes) the frequencies used for solvent suppression need
to be re-optimized. The rate at which this needs to happen depends
upon the rate of change of solvent composition, which is influ-
enced by the flow rate and the HPLC method (which are both under
user control). It is also influenced by how much each resonance
moves in response to changes in solvent composition (which is
not under user control). We are using the Scout-Scan technique
[41,43] to automatically re-optimize these frequencies for every
increment (spectrum) of the pseudo-2D data. The Scout-Scan
technique first takes a small-tip-angle 'H spectrum without using
solvent suppression, analyzes that spectrum to both set the trans-
mitter on the desired resonance and calculate the resulting fre-
quency offset(s) for the solvent signal(s) to be suppressed,
creates a shaped pulse that excites all these resonances (using Pbox
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Fig. 2. A generic diagram of the HPLC method used in these studies. The diagram is
oriented with time along the vertical axis (t=0 at the bottom) and the solvent
composition along the horizontal axis, so as to best facilitate visual comparisons
with the LC-NMR data in the other figures. The fixed times within the HPLC method
are indicated 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. The absolute times shown in italics within parentheses 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 CH5CN and the D,0
(HOD) contained multiple additives that served as chemical-shift markers, as is
described in the text.

[44,45] and the 90°-pulse calibration information), then it resets
the parameters to do a signal-averaged solvent-suppressed 'H
spectrum and starts acquisition. The entire Scout-Scan process
takes just a few seconds. The frequency at which this happens is
determined by the number of transients used per spectrum (our
default was 16). Also under user control are the number of reso-
nances searched for, whether to use '3C-satellite suppression,
and which resonance to keep at a constant chemical shift. All data
shown here were acquired using WET solvent suppression and the
Scout-Scan technique.

To get good data you need to reference the multiple spectra
(increments) within the pseudo-2D dataset. 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, which in this solvent system would be
either the CH3CN or the HOD resonance.

Fig. 1 shows the movement of the HOD and CH3CN resonances
relative to each other. This dataset was acquired by actively main-
taining the transmitter on the CH5CN resonance, and referencing
the CH5CN resonance in every increment of the pseudo-2D experi-
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ment to 1.95 ppm. Only single-frequency (CH3CN) solvent suppres-
sion was used here to allow the water resonance to be seen more
easily. (The HOD signal is much smaller than the CH3CN signal
due to the predominance of D,0 over H,0.) This figure shows that
the water resonance moves 2.38 ppm relative to the CH3CN reso-
nance during the 0-100% CH3CN ramp. (We show below that the
frequency of the CH3CN resonance actually remains rather con-
stant, and serves as an appropriate secondary reference compound.)

To more carefully evaluate the relative movement of the 'H res-
onances from different compounds, we spiked the mobile phase
with a variety of compounds whose relative 'H chemical-shift
movements could be monitored during the 0-100% solvent-gradi-
ent ramp. The selection of the mobile-phase additives was challeng-
ing because they had to be soluble in both solvents (CHsCN and
D,0), not unduly retained by the chromatographic column, and
we also wanted sharp 'H resonances so we could measure line-
shape distortions. We finally settled on a cocktail that contained
DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate), CHsCN,
CH30H, sucrose, H,0, CH,Cl,, CHCI3, and sodium formate. Their
chemical shifts in 50:50 CH3CN:D,0 (the starting conditions) as
shown in Fig. 3 were (with CH3CN set to 1.95 ppm): DSS = —0.079
ppm (singlet) and multiplets at 0.5, 1.6, and 2.7 ppm; CH3CN =
1.95 ppm (singlet; used as the secondary reference signal);
CH50H = 3.31 ppm (CH3; group, singlet); sucrose = multiplets rang-
ing from 3.3 to 4.2 ppm, and a doublet at 5.25 ppm (J = 3.9 Hz);
HOD = 4.2 ppm; CH,Cl, = 5.4 ppm (singlet); CHCl; = 7.6 ppm (sin-
glet); and formate = 8.3 ppm (singlet).

Some of these additives were partly retained on the chromatog-
raphy column under 100% D,0O conditions, which influenced the
design of the HPLC method. To better visualize every resonance
from each additive, the HPLC method was started at 50:50
CH3CN:D,0 (to equilibrate the system) then changed to 100%

D,0 for 5 min (between t=5 and t=10 min) before starting the
solvent-gradient ramp at t = 10 min (Fig. 2). This allowed reproduc-
ible amounts of additives to be retained on the HPLC column for
each run, and also allowed each LC-NMR dataset to have multiple
“control” spectra at the beginning of each run where all of the 'H
resonances were visible (for lineshape verification). The sudden
solvent change from 50:50 to 0:100 CH5CN:D,0 usually generated
several increments worth of “ugly” spectra, but this was consid-
ered to be an acceptable tradeoff to ensure a reproducible method.
(The spectra became “ugly” because such a sudden radical solvent
change moves all the resonances during one single increment
while the NMR spectrometer continues to signal average. Also,
the lineshape of every resonance became grossly deteriorated
due to magnetic-susceptibility inhomogeneities in the NMR flow
cell caused by incomplete mixing of the incoming solvent. Both ef-
fects show why there are limitations in how rapidly the solvent
composition can be changed during an LC-NMRx experiment. Typ-
ically, the solvent composition should only be changed by 1-2% per
minute or else the spectral data quality will suffer, as shown be-
low.) Finally, after the solvent-gradient ramp reached 100% CH5CN,
the HPLC method returned to a 50:50 solvent composition (more
gently this time) to have additional “control” spectra at the end
of each run.

When acquiring LC-NMRx data, probably the most fundamental
and important choice a user needs to make is whether to maintain
the transmitter on the CH5CN or the HOD resonance. We designed
the additive cocktail and the HPLC method to help us evaluate this
choice. Figs. 4 and 5 illustrate the ramifications of this choice. Fig. 4
was acquired by actively maintaining the transmitter on the
CHCN resonance for each increment (and referencing the CH3;CN
resonance to 1.95 ppm). Fig. 5 was acquired by actively maintain-
ing the transmitter on the HOD resonance (and referencing the
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Fig. 3. A 'H spectrum of the mobile phase and its additives. This spectrum was acquired at an equilibrated solvent composition of 50:50 CH;CN:D,0 using two-frequency
WET suppression. The resonances of the additives are labeled. The CH;CN was used as a secondary reference signal and assigned a value of 1.95 ppm, which places the DSS
singlet at —0.079 ppm in this solvent composition. (This spectrum was acquired with 32 scans and a 2H lock, and was processed with 0.4 Hz linebroadening, threefold

zerofilling, and solvent subtraction on the residual CH5CN signal [ssfilter = 60].)
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Fig. 4. Two-frequency suppression; CHsCN centric. This LC-NMR data was acquired identically to that shown in Fig. 1 (transmitter maintained on CH3CN) except that now
two-frequency solvent suppression was used. Although the chemical-shift changes undergone by the water are now harder to see than in Fig. 1, it is easier to monitor the
chemical-shift changes in the resonances of all the other compounds. (Acquired without using a 2H lock.)

HOD resonance to 4.19 ppm). (Referencing the HOD signal to
4.19 ppm was used here because this placed the CH3;CN resonance
in 50:50 CH3CN:D,0 at 1.95 ppm, which facilitated comparisons
between datasets within this study.)

The first observation extracted from these figures is that the
chemical shifts arising from all the additives are generally constant
when CH3CN is kept on resonance (Fig. 4). The HOD signal is the
only signal that moves a lot (2.38 ppm, as was shown more clearly
in Fig. 1). In contrast, when the HOD signal is kept on resonance
(Fig. 5), the resonances of all the additives move extensively. This
demonstrates that holding the HOD resonance constant is artificial
and it causes unacceptable distortions in chemical shifts.

2.3. The 2H lock

Although the water-centric Fig. 5 was acquired by actively
maintaining the transmitter on the HOD resonance (using the

Scout-Scan method), the same result is obtained if the ?H lock is
used alone (without any form of Scout-Scan-type correction; data
not shown). This is because the only available ?H signal in the sol-
vent system used here (the commonly used CH3CN:D,0) is D,0 (or
HOD). The 2H lock holds the 2H resonance of D,O/HOD at a fixed
frequency, which then holds the 'H resonance of HOD/H,0 at a
fixed frequency (because they track together), unless an additional
correction mechanism is used. This is why the use of the 2H lock
alone (without a Scout-Scan resetting of the transmitter frequency)
also produces unacceptable spectra.

The 2H-lock problem is actually worse than that. The previous
paragraph explains why the use of only the ?H lock on D,0/HOD
mis-sets the chemical-shift scale within the entire LC-NMRx data-
set by up to 2.38 ppm. We can also see that the 2H lock causes a
related problem within each increment. The tugging of the 2H lock
(on D,O/HOD) that happens during a signal-averaged increment
manifests itself as a broadening of all the other resonances within
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Fig. 5. Two-frequency suppression; HOD centric. This LC-NMR data was acquired identically to that shown in Fig. 4 except that now the transmitter was maintained on the
HOD resonance instead of the CH3;CN resonance. The very-low intensity signals that curve from the lower left to the upper right (stating at 6.9 ppm) are low-intensity
quadrature images arising from the large off-resonance CH3;CN resonance, which are present only because an analog receiver was used and are not present on direct-digital
receiver data. (Acquired without using a 2H lock.)
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each spectrum (increment). Fig. 6 shows this effect on an expan-
sion of the DSS singlet, which is a narrow resonance unless it is
broadened by a wandering D,0 resonance that tugs on the 2H lock.
Figs. 6 and 1 together show that when the 'H HOD resonance
moves most rapidly in Fig. 1 (increasingly from 90 to 115 min),
the DSS resonance in the “Locked” spectrum (on the right-hand
side of Fig. 6) suffers the most linebroadening (as compared to
the “Unlocked” spectrum on the left-hand side of Fig. 6).

2.4. The solvent-gradient ramp

Whenever the solvent-gradient ramp becomes steeper in time
or volume, the solvent mixture in the NMR flow cell become more
inhomogeneous (in magnetic susceptibility), which in turn broad-
ens the NMR resonances. This heterogeneity is due either to incom-
plete mixing of the contents of the flow cell, or to ramps that are
too steep for the volume of the NMR flow-cell used. (Smaller
NMR flow cells tolerate steeper solvent ramps, but also decrease
the inherent NMR sensitivity.) During steep solvent-gradient
ramps, the potential for inappropriate chemical-shift tugging by
the 2H lock becomes greater, because the lock is tracking a D,0/
HOD resonance that moves and broadens faster as the solvent-
composition ramps faster. This effect is shown in Fig. 7, which
compares datasets acquired with 0-100% CH5CN 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). Although the left-
hand spectrum still has a narrow DSS linewidth throughout the
experiment, the DSS linewidth gets broader and less uniform as
the solvent-gradient ramp becomes ever faster (the three right-
most spectra). Note that this linebroadening is caused by the steep-
ness of the solvent gradient, and cannot be removed by shimming.

The linebroadening caused by the steepness of the solvent-con-
centration ramp is influenced by both the volume- and time-steep-
ness of the ramp. Fig. 8 shows that if the ramp is kept steep in
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volume, but made slow in time, then the effect of poor mixing
within the NMR flow cell can be reduced. The left-most spectrum
was acquired with a 0-100% ramp of 8%/mL over a period of
12.5 min at a flow rate of 1.0 mL/min (8%/min). The middle spec-
trum was acquired with a 0-100% ramp of 8%/mL, but now pump-
ing 20-fold slower over a 20-fold longer time (the flow rate was
0.05 mL/min over 250 min, giving a ramp rate of 0.4%/min). The
right-most spectrum is a control spectrum that shows the DSS line-
shape during a 1%/mL ramp over 100 min, at 1.0 mL/min, so 1%/
min. These three spectra show that if the flow rate is slow enough,
it may compensate for a solvent-gradient ramp that is steep in
volume.

Similar but less dramatic effects can be seen 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) shows that the DSS linewidth remains narrower
for the slower, shallower-ramp run (data not shown) as is ex-
pected. (The signal-to-noise is also higher for the slower-ramp
dataset because the slower pumping speed allows more scans
per increment to be used with no penalty. This is a general princi-
ple in LC-NMRx.)

2.5. Diffusion

The good DSS lineshape in the middle spectrum of Fig. 8 could
be due to either 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 avoids creating the inhomogeneity in the
first place). To evaluate this, the “8%/min 8%/mL” experiment was
repeated, but the HPLC pump was manually stopped 22 min into
the run, while the NMR spectrometer continued to acquire data.
This allowed us to monitor the effects of active diffusion upon
the NMR lineshapes. Figs. 9 and 10 show the response of the DSS
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Fig. 6. Unlocked versus locked. A comparison of the linewidth of the DSS resonance in LC-NMR data acquired either without (left) or with (right) a H lock on D,0/HOD. The
broadening of the DSS resonance caused by the tugging of the 2H lock on D,O/HOD is especially noticeable from 90 to 115 min, but some broadening is visible throughout the
entire dataset. Both datasets were plotted with the same F2 and “t1” expansions and the same vertical scales. (Both datasets were acquired with 16 transients per increment

and a 1% ramp. Only the status of the lock was changed between datasets.)
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lineshape during this experiment. They show that the DSS line-
shape 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 150 s, to a 2.1 Hz singlet within 300 s (5 min). The DSS line-
width was 0.86 Hz (+0.06 Hz) at the start of the experiment (in
50:50 CH5CN:D,0, where it was shimmed).

2.6. Shimming

The DSS lineshape in Fig. 9 did not recover back to the 0.86 Hz
seen at the start of the dataset, which nicely illustrates an aspect of
shimming that influences all LC-NMRx experiments that use a sol-
vent gradient. The best lineshapes are always obtained when the
same solvent composition is used to both shim the probe and ac-
quire the data. As the solvent composition used for data acquisition
changes further away from the solvent composition used for shim-
ming, 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 solvent, and no meniscus). This indicates that a user should
shim on a solvent composition that is in the mid-point of the sol-
vent-gradient ramp (for on-flow solvent-gradient experiments).
For that reason, the data acquired in this study were always
acquired by only shimming when the probe was equilibrated with
50:50 CH3CN:D,0. 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. So although the DSS
lineshape in Figs. 9 and 10 didn’t recover during the run to the

0.86 Hz resolution obtained during the first increments, it did
recover to that resolution as soon as the solvent composition was
returned to 50:50 CH3CN:D,O (for the start of the next run).

Figs. 6-10 show that there is an upper limit to the steepness of
the solvent gradients that can (or should) be used in LC-NMRx.
This limit is influenced by flow rate (as shown), LC-column size,
NMR-flowcell size, and the magnetic susceptibilities of the sol-
vents being mixed (data not shown). A limit of 1%/mL and 1%/
min was reasonable here, for a 4.6-mm LC column in a 60-pL
NMR flow cell. There have been other reports that solvent gradi-
ents can cause NMR linebroadenings, but with less quantification
of the limit or under different conditions [46,47]. Proposed work-
arounds to this problem have included stopped-flow LC-NMRx,
SPE-NMR column trapping, and “waiting before NMR acquisition”
[47-50]; a mobile-phase compensation method has also been pro-
posed as a way to actually increase this limit [51].

2.7. Acquisition parameters

Lastly, we compared the effect of the balance between the num-
ber of transients and the number of increments during on-flow sol-
vent-gradient LC-NMRx experiments. In a given amount of
experiment time, you can either have more transients (to increase
signal-to-noise for each increment) or more increments (to in-
crease the “chromatographic resolution” of the NMR experiment).
During an on-flow solvent-gradient experiment, as the number of
transients (per increment) increases, the risk increases that a tug-
ging lock will broaden the NMR linewidths (because there are few-
er Scout-Scans for a given change in the solvent gradient). This
effect is seen in Figs. 11 and 12, which show the 'H resonance of
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~1.45 Hz (£0.49 Hz). (In this figure only, all data in this figure were baseline corrected in F2 for clarity. No zerofilling, weighting functions, or solvent subtraction were used.)

the formate ion acquired with three different sets of NMR condi-
tions. The data acquired with four scans per increment (on the left)
has narrower linewidths but a lower signal-to-noise than the data
acquired with 32 scans per increment (in the middle). (Some as-
pects are easier to see in the stacked-plot version of the data
shown in Fig. 12.) A dataset acquired with 16 scans per increment
is shown on the right for comparison (extracted from the same
dataset as is shown in Figs. 4 and 6-8); it was acquired 36 h earlier
than the two left-most datasets, which were acquired with a fresh
batch of mobile phase. Subtle differences between batches of mo-
bile phase (possibly pH or water content) may be why the formate-
ion resonance moves slightly sooner (near 100 min) in the right-
hand dataset than in the two left-most datasets. The increased
duration of a 32-scan acquisition adds an apparent artificial lag
time to the vertical axis of the middle dataset.

3. Discussion
3.1. Chemical-shift referencing

The original question of whether to use an organic resonance or
the water resonance as a fixed-position chemical-shift reference
during a solvent-gradient experiment is answered by a simple
inspection of Figs. 4 and 5. The drastically more-constant chemical
shifts seen in Fig. 4 make it clear that maintaining the transmitter
on the CH3CN resonance gives much better NMR data than keeping

water constant (as was used in Fig. 5), despite the fact that the lat-
ter method has been routinely reported in the literature [52-55].
The latter method is easy to run - either by locking on the D,0/
HOD 2H resonance or by actively tracking the HOD/H,0 'H reso-
nance - but it clearly produces misleading 'H chemical-shift scales.

If an organic resonance should be used as a fixed-position
chemical-shift reference, the next question is “which organic reso-
nance should be used?” Although conventional solution-state NMR
has defined that a dilute solution of TMS in CDCls, with the 'H res-
onance of the TMS set to 0.0 ppm, is the primary chemical-shift ref-
erence standard, most LC-NMRx* experiments use reversed-phase
(aqueous) HPLC conditions, which precludes the use of TMS. DSS
and TSP come to mind, but they are not usually added to most
NMR samples, and more importantly their chemical shifts are
known to be dependant upon solvent composition and pH (as dis-
cussed above). The most common HPLC (and LC-NMRx) mobile
phase is acetonitrile:water, so we wanted to know how stable
the 'H chemical shift of CH;CN was over the entire range of possi-
ble solvent compositions. We evaluated this here by comparing the
'H chemical shift of CH5CN to the 'H chemical shifts of a number of
other (potential) secondary standards during the solvent-gradient
experiment.

Fig. 13 shows an expansion of the data shown in Fig. 4, re-plotted
with a compressed time axis so as to emphasize 'H chemical-shift
movements. This figure shows the chemical-shift movements over
the entire 0-100% CH3CN ramp, for data acquired by keeping the
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Fig. 9. The effects of static diffusion: contour plot. These data show the linewidth of
the DSS 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. 8 min along the time axis) were acquired on flowing and equilibrated 50:50
CH3CN:D,0, 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. 8 (to the dotted line),
which was run with the same conditions except for the stopping of the pump.
(Acquired with eight transients per increment.)

H resonance of the CH5CN fixed at 1.95 ppm. The question here is
“which NMR resonance has the most stable chemical shift?”
Clearly water is bad, but which signal is good enough?

First of all, it appears as if no resonance is perfectly well be-
haved. The DSS singlet tracks with the CH,Cl, resonance, and
maybe the last half of the CH;0H resonance. The DSS methylene
at 0.5 ppm tracks fairly well with the CH;0H and anomeric sucrose
signals. The CH5OH signal somewhat tracks the sucrose anomeric
signal, which tracks a few of the other sucrose resonances, but
many of the other sucrose resonances track in the other direction.
The CHCl; signal (when visible) tracks fairly well with the CH;CN
signal except at the very end. The formate signal tracks somewhat
with the CH3CN signal until about 85% CH3CN when the formate
signal then moves drastically. The CHCl3 and formate signals track
in one direction compared to CH5CN (as do the DSS downfield
methylene and most of the sucrose signals), whereas the DSS sin-
glet, DSS 0.5 ppm, CH30H, CH,Cl,, and sucrose anomeric signals
track in the other direction. Overall, however, most of the signals
drift well under 0.2 ppm (in contrast to the 2.4 ppm changes seen
in Fig. 5), which further supports that keeping the CH3CN signal at
a fixed frequency is the correct way to acquire the data.

(MINY s e e e e
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Fig. 10. The effects of static diffusion: stacked plot. An expansion of the data shown
in Fig. 9, now displayed as a stacked plot to more easily monitor the linewidths of
the DSS resonance. The HPLC pump was manually stopped during the first
displayed spectrum. All the remaining increments were acquired while the mobile
phase was static.

The movement of the CH3CN resonance (relative to all the or-
ganic [non-water]| signals) is close to the mathematical average
of all of these other relative chemical-shift movements. We were
limited to evaluating compounds that were not significantly re-
tained by the HPLC column and were soluble and visible over the
entire 0-100% CH3CN solvent-gradient ramp, but based upon these
data, it appears that the 'H resonance of CH3CN is indeed well
behaved, and can serve as a suitable secondary chemical-shift stan-
dard. (Likewise, a recent 2°Si LC-NMR study also concluded that,
when all the chemical shifts in the sample move as a function of
solvent composition, then it is important to select a reference com-
pound whose chemical shift moves most like the solutes of interest
[27].)

Once it was shown how important it was to maintain the CH;CN
resonance at a fixed frequency, the Scout-Scan technique proves
itself to be an appropriate way to do so. This is because it works
despite the tugging caused by the 2H lock signal on D,O/HOD
(which is always trying to keep the 'H resonance of HOD/H,0 at
a fixed frequency; a process that Fig. 5 shows is inappropriate).

3.2. Other variables
Fig. 6 shows that the 2H lock can actually degrade lineshapes

when solvent gradients are happening during the NMR acquisition
(as can happen during on-flow LC-NMR=+ experiments). The choice
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Fig. 11. Sampling rate. This is a comparison of the linewidth of the formate resonance acquired by using 4 (left), 32 (middle), or 16 (right) scans per increment. All other LC-
NMR parameters and conditions used to acquire the three datasets were identical. (Acquired with a 0-100% ramp at 1.0 mL/min over 100 min.)

of whether or not to use a 2H lock on water (D,0) is different for
on-flow versus stopped-flow LC-NMRx experiments. The ?H lock
on D,0/HOD can be an asset during stopped-flow experiments,
as long as the chemical-shift scale and possibly the transmitter
are set appropriately, because the 2H lock can compensate for mag-
net drift. It can also be an asset for isocratic (constant-solvent)
on-flow experiments. But for on-flow solvent-gradient runs, the
2H lock on D,0/HOD must be used very carefully, or, better yet,
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 on-flow LC-
NMR runs, the data show that the solvent-gradient ramps should
typically be limited to less than 1%/min (at a flow rate of 1.0 mL/
min; in the NMR flow-cell volume used here; with the solvent mix-
tures used here). Faster solvent ramps will result in degraded line-
shapes that cannot be shimmed out, and which will reduce overall
signal-to-noise. 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. (The author has found that this
sometimes does not work, especially when concentrated solutes
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Fig. 12. Sampling rate. A stacked-plot version of Fig. 11 to facilitate comparisons of the linewidths and signal-to-noise.
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Fig. 13. Relative chemical-shift movements. This is the same data as is shown in Fig. 4 but labeled and expanded (and compressed along “t1”) for clarity.

elute, and that diffusion does not always happen in the NMR flow
cell, presumably due to stable density gradients.) The author has
also seen that this 1%/min limit is influenced by the choice of sol-
vents used in the mobile phase; the rate limit is probably directly
determined by the difference in magnetic susceptibilities between
the two solvents (data not shown).

It is important to recognize that different shimming methods can
have different effects in LC-NMRx. When the mobile phase is a com-
bination of CH5CN and D,0, then shimming on the 2H signal - using
either the lock signal or a 2H pulsed-field-gradient (PFG) map - will
shim on the water (HOD/D,0) signal, which is notoriously sensitive
to broadening from both temperature gradients and solvent-com-
position gradients (as discussed above). If either temperature- or
solvent-gradients exist, and if the 2H signal is used in any way
for shimming, then when the uniquely broadened water resonance
is made narrower using any of the shim gradients (for example,
temperature gradients are often linearly axially dependant, like
the z1 shim, so the temperature-gradient-induced linebroadening
can then be offset by missetting z1) then the “removed resultant
linebroadening” that was only on the HOD/H,0 resonance gets
(erroneously) transferred to every other resonance in the 'H spec-
trum. If you do this, you just convert a 'H spectrum with narrow
organic resonances and a broad water resonance into an (undesir-
able) spectrum with broad organic resonances and a narrow water
resonance. Similar effects can sometimes be seen when the water
resonance is broadened by a concentration gradient; this presum-
ably happens because the concentration gradient has a linear com-
ponent caused by the solvent flowing unidirectionally into the
NMR flow cell.

In contrast, when 'H PFG shimming is used on CH3CN:D,0, the
H signal is dominated by the 'H resonance of CH;CN, which is a
more well-behaved resonance, and this results in the narrowest
possible 'H linewidths for all of the organic resonances (but it
may leave the HOD/H,O signal broad, which is proper). This is also
true in 'H spectral shimming, (depending upon which 'H reso-
nance is used), and is true to a lesser extent in 'H free-induction-
decay (FID) shimming, depending upon how much of the FID is
made up of the HOD/H,0 signal.

In on-flow LC-NMRx* experiments, the user must strike a bal-
ance between how many transients per spectrum to use versus
how many spectra (increments) can be obtained. Unlike with con-
ventional 2D NMR spectra, which typically have no specific limit to
the duration of the experiment, on-flow LC-NMRx experiments
have a fixed duration, which is limited by the longest retention
time (of the most-retained chromatographic peak). The pseudo-
2D nature of LC-NMRx* experiments means that there is a maxi-
mum number of “transients x increments” that can be obtained

during this time. (The repetition rate of an on-flow NMR experi-
ment does not have the same dependence upon T; as in a conven-
tional 2D spectra because the flowing mobile phase can effectively
shorten T, [56].) In addition, each solute has only a finite residence
time in the NMR flow cell (which depends upon the flow rate of the
mobile phase and the bandwidth of the chromatographic peak),
which sets an upper limit on the NMR signal-to-noise that can be
obtained (at a given flow rate). Within these boundaries, if the
number of transients per increment is large (giving fewer incre-
ments), you will get the maximum possible NMR signal-to-noise,
but you will lose chromatographic resolution. If a solvent gradient
is being used, you will also be maximally susceptible to NMR line-
broadenings caused by chemical-shift movements arising from sol-
vent changes during the signal averaging of that increment. (The
NMR linebroadenings arise from an inhomogeneous magnetic sus-
ceptibility in the flow cell, and are caused by uneven mixing of the
solvents.) Conversely, if the number of transients per increment is
small (giving more increments), you will get a lower NMR signal-
to-noise, but the chromatographic resolution will be maximized
and the NMR linebroadenings caused by solvent gradients will be
reduced. This effect can be seen in Figs. 11 and 12, which show
the effects of using three different combinations of “number of
transients” versus “number of increments” in an on-flow solvent-
gradient LC-NMR experiment. (The formate resonance is shown
in these figures because it is a well-separated singlet that under-
goes one of the bigger chemical-shift changes during the solvent-
gradient ramp, although similar effects can be seen on virtually
all resonances in the spectra.) As the chemical shift of a resonance
moves faster because of the solvent-composition ramp, the num-
ber of transients per increment should be made smaller, so as to al-
low narrow linewidths to be observed. The 4-scan-per-increment
data (on the left in Figs. 11 and 12) produces narrower NMR line-
widths than the 16-scan-per increment data (on the right in Figs.
11 and 12), and they both produce narrower linewidths than the
32-scan-per-increment data (in the middle). In contrast, the 32-
scan data has better signal-to-noise than the 4-scan data. (The ver-
tical scales of the three spectra in these two figures were not scaled
to compensate for the differing number of scans per increment.)
These effects can be seen throughout the entire datasets, but are
especially evident in the region between 10 and 50 min. The data
illustrate the importance of selecting a good balance between the
number of transients and the number of increments in LC-NMRx;
a balance that depends upon the solvent-gradient rate, the magni-
tude of chemical-shift changes (as a function of solvent composi-
tion), and the desired narrowness of linewidths. Note that 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
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is used), and it is a non-issue if the NMR data is not acquired on-
flow (i.e., if it is a stopped-flow LC-NMRx experiment).

3.3. Sources of error

Lastly, we can now summarize the sources of error for measur-
ing chemical shifts in on-flow solvent-gradient LC-NMRx. First, it
has been shown here that water moves enormously during a
0-100% gradient, so it shouldn’t ever be used as a reference signal
(Fig. 1). Second, it has been demonstrated here how this moving
D,0 resonance drags the ?H lock during signal averaging whenever
D,0 is used as a lock signal (Fig. 6), which then moves and broad-
ens the observed resonances. Third, the literature (discussed
above) contains many examples of solute resonances moving —
sometimes in different directions - during a solvent gradient,
and that effect has also been seen here (Fig. 13). (This 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.) Fourth, because a solvent gradient changes the pro-
portion of solvents in the mobile phase, which can generate differ-
ent amounts of radiation-damping-induced NMR linebroadenings
in the solvent resonances (as a function of concentration), this
can create a variable uncertainty in the Scout-Scan determination
of the solvent-resonance frequency. This has not been observed
to be a problem, but note that the small tip angles used in the
Scout-Scan method will not avoid the radiation-damping effect.
(The radiation-damping-induced NMR linebroadenings are a big-
ger problem in cryogenic probes and higher field magnets, where
the Q of the probe and the signal response is highest.) Fifth, con-
centration-dependent frequency shifts of the solvent resonances
due to flux density changes are readily observable on solvent sig-
nals [57-59], which can add additional movements in — and hence
uncertainties to — the measurement of the solvent signal’s fre-
quency. (These shifts are the reason post-processing DSP [digital
signal processing] notch filters need to be progressively moved
“off-resonance” as solvent concentration increases.) Lastly, the
author has also observed that a mis-set lock phase can induce
phase distortions in solute resonances whenever PFG-solvent-sup-
pression sequences like WET [41] are used (data not shown). This
effect is a sensitive test for how accurately the lock phase has been
adjusted, and could also contribute to chemical-shift measurement
errors.

4. Conclusions

These data show that using the water resonance in any way to
reference, shim, or lock the NMR spectra in LC-NMR+ experiments
is unsatisfactory, specifically for on-flow solvent-gradient experi-
ments, despite the regularity with which such data appear in the
literature [52-55]. This is true regardless of whether the water res-
onance is used as a 2H lock (for D,0) or as an internal standard (for
H,0 or HOD). Using the 'H resonance of CH3CN as a secondary ref-
erence and a signal for shimming (and effectively as a lock signal)
is shown here to have many advantages and be a much better
choice. Software tools for referencing on the CH5CN resonance ex-
ist, are automated and easy to use, and work under all solvent con-
ditions. When comparing CH3CN as a secondary chemical-shift
reference to other available compounds, it appears to be both a
good option and the best option available.

These conclusions are applicable to any experiments that use
LC-NMR, or incorporate either it or related techniques (such as
LC-NMR-MS, LC-PDA-NMR-MS, LC-MS-NMR-CD, CapLC-NMR,
LC-SPE-NMR, etc. [4]; hence our use here of the term LC-NMRx).
They certainly apply to LC-NMRx experiments that use solvent

gradients and are acquired “on-flow”. Some of these conclusions
also apply to isocratic on-flow experiments, and some apply to sol-
vent-gradient stopped-flow experiments. These conclusions
should also apply to other flow NMR methods such as flow-injec-
tion-analysis NMR (FIA-NMR) [60] and direct-injection NMR (DI-
NMR) techniques [43] such as VAST or BEST. They may also apply
to conventional (i.e.,, 5 mm) tube-based experiments when the
samples either have temperature gradients or use solvent mixtures
that may not be sufficiently well mixed.

5. 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 pL (115 pL
total volume) maintained at ~293 K (20 °C). All NMR data were ac-
quired 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 ?H lock, two-fre-
quency solvent suppression with the transmitter on CH5CN, and
21.5-ms seduce pulses for WET. Unless otherwise indicated, 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-micron C18 HPLC column (150 x 4.6 mm, #1215-
9012). The default HPLC method was [(time) action]: (0.0) 50:50
CH3CN:D,0; (5.00) 50:50 CH3CN:D,0; (5.01) 0:100 CH5CN:D-0;
(10.0) 0:100 CHsCN:D,0O; (110.0) 100:0 CH3CN:D,0; (120.0)
100:0 CH3CN:D,0; (125.0) 50:50 CH3CN:D,0; (130.0) End, as is
graphically shown in Fig. 2. Experiments were then run using dif-
ferent flow rates (the default was 1.0 mL/min) and different ramp
durations/rates (the default was 1%/min = 1%/mL).

The solvents used were acetonitrile (CH3CN; EM Science Omni-
solv Glass Distilled; #AX0142-1) and D,0 (99.9 at.%D, Isotec
#151882). No significant measures were used to keep the (hygro-
scopic) D,O free of absorbed water during use, so it contained a
measurable amount of HOD. Both solvents were spiked with a cock-
tail of compounds that were dissolved in 50:50 CH3CN:D-0, so they
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) [34.7 mg/L, 0.147 mM]; sucrose
[101.9 mg/L, 0.298 mM]; CH30H [25 puL/L, 0.62 mM]; CH,Cl,
[37.5 pL/L, 0.63 mM]; CHCl3 [75 pL/L, 0.91 mM]; and sodium for-
mate [41.8 mg/L, 0.615 mM]. As the spiking cocktail was dissolved
in 50:50 CH5CN:D-0, each solvent also contained CH3CN [5 mL/L,
~95 mM] and D,0 [5 mL/L, ~275 mM].
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