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The diffusional properties of molecules in solution vary
dramatically upon addition of a solid chromatographic
phase. This effect can be monitored via pulsed-gradient
spin-echo NMR used in conjunction with moderately fast
rotation of the sample (high-resolution magic angle spin-
ning) to produce exploitable spectra. The molecular
diffusion coefficients observed in this condition are aver-
ages reflecting the equilibrium population distribution
among the different phases. It is thus possible to use this
information for investigating a crucial step of reversed-
phase chromatography, namely, the partitioning of the
analyte between different phases. In this work, we de-
scribe the evolution of the apparent diffusion coefficient
of typical solutes for water/acetonitrile solvent mixtures
of varying proportions.

Octadecylsilyl (ODS) bonded silica is the most frequently used
chromatographic support for routine analysis in reversed-phase
liquid chromatography (RPLC). The technological relevance not-
withstanding, the complexity of the separation mechanism still
eludes a complete description, and so NMR, among other tech-
niques, has long been applied to investigate chromatography-re-
lated issues. Solid-state NMR has been used since the beginning
of the 1990s to characterize chromatographic phases, using 13C
and 29Si cross-polarization/magic angle spinning NMR spectro-
scopy.1-3 This technique yields important information on the
support structure. A major inconvenience of this approach is that
it is not realized under the same conditions as LC (i.e., without
solvent or compounds). Therefore, solid-state NMR can only give
information about the functional groups present on the phase, but
does not provide any understanding on the chromatographic
phenomenon. Over the past few years, two different NMR
methods have tackled this aspect. The first one is magnetic
resonance imaging,4,5 which allows the study of systems under

real chromatographic conditions in the presence of a flow of a
liquid and in a packed column, but in this case, the addition of a
contrast agent (mainly gadolinium chelates) is necessary to record
good contrasted images. This technique has never been used to
study typical solutes of liquid chromatography. The second
method is high-resolution magic angle spinning (HRMAS) NMR,6-9

by which classical mixtures could be analyzed under static
conditions (that is with no flow of the mobile phase).

The tool used in this work combines diffusion-oriented NMR
and HRMAS. By NMR, it is possible to measure apparent diffusion
coefficient (ADC) using pulsed gradients of magnetic field in
conjunction with spin-echos (PGSE).10,11 A recent proposal in this
field by Caldarelli and co-workers12 accomplished an enhancement
of the resolution in the diffusion dimension using a solid phase
to create specific molecular interactions. The varying degree of
decrease in the molecular mobility due to interactions with the
solid eventually leads to resolution of the NMR spectra of a
mixture components. The addition of the support compels the use
of the standard NMR technique for solids, MAS, to remove the
anisotropic parts of the interactions and so to achieve a NMR
spectrum with narrow lines. The overall process can be seen as
an extension of the so-called “affinity NMR”. Variations of the ADC
have been used, for example, to investigate peptide-micelle
association,13 ligands-receptor interactions,14 or for screening new
potential chromatographic phases.15
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The combination of HRMAS and PGSE NMR allows us to
investigate one aspect of the chromatographic phenomenon,
namely, the effect of varying the mobile-phase composition on
the separation process. To this purpose, an aromatic and a ketone
homologous series in a water/acetonitrile mixture were used.

EXPERIMENTAL SECTION
Materials and Methods. All NMR experiments were per-

formed on a Bruker (Wissembourg, France) Avance spectrometer
operating at 400 MHz and equipped with a HRMAS probe head
capable of producing z gradients with maximum strength of 55 G
cm-1. 1H HRMAS NMR spectra were recorded at a spinning rate
of 4000 Hz at 303 K. Four-millimeter ZrO2 rotor with a detection
volume of 55 µL were used. The free induction decay contained
typically 2 and 8 or 16K data points, respectively, for spectra
recorded with and without chromatographic phase.

The pulse sequence (Figure 1) used was based on the
stimulated echo and incorporated gradient pulses and a longitu-
dinal eddy delay (BPP-LED).16

The 90 and 180° pulses were optimized for each experiment,
being about 5 and 10 µs, respectively. Table 1 summarizes the
parameters used for NMR diffusion experiments.

The shape of all gradient pulses was sinusoidal. The spoil
gradient pulses were 1 ms and the LED 5 ms. A BPP-LED
experiment was realized using 16 different gradient values, varying
from 2 to 95% of the maximum gradient strength; for each of them,
16 scans were recorded. For the processing, 128 points were
represented in the diffusion dimension.

All compounds, including HPLC solvents, were obtained from
VWR (Fontenay sous Bois, France). The chromatographic phase
was Lichrospher100 C18 (5 µm) kindly provided by Merck
(Darmsdat, Germany).

The test mixture for the aromatic homologous series were
benzene (9.0 g L-1), naphthalene (0.9 g L-1), and anthracene (0.2
g L-1) dissolved in different solvent compositions. The ketone
(acetone, butanone, and pentan-2-one) sample contained 10 µL of

solute and 100 µL of deuterated solvent varying from 100 to 60%
v/v CD3CN. For each experiment, the rotor contained about 35
mg of chromatographic phase and 10 µL of the test mixture.
Roughly half of the stationary phase was introduced inside the
rotor, then the solution was added, and finally the rotor was filled
with the remaining part of the solid.

Analysis of Molecular Diffusion by NMR. The inhomogen-
eous field created by the pulsed gradients induces a spatial
dependence of the NMR frequency and, consequently, a broaden-
ing of the resonance line. This latter can be made proportional to
the molecular mobility through appropriate acquisition schemes.
For the BPP-LED sequence, the molecule is inferred from the
following equation,

where I is the observed intensity of the peak, Io the intensity of
the peak measured in the absence of field gradients, D the ADC,
δ the gradient pulse duration, g the gradient strength, γ the
gyromagnetic ratio of the observed nucleus, and ∆ the diffusion
time.

The study of a series of experiments varying the amplitude of
the inhomogeneous field and investigating the corresponding
decay curve of the signal amplitude permits us to measure the
ADC. The DOSY processing17,18 is a representation of the signal
decay curve in the form of a 2D map, in which the NMR spectrum
spans one dimension and the calculated diffusion coefficient the
other. The diffusion coefficients were also determined by fitting
the decay curves with the manufacturer software XWinNMR 3.5.

RESULTS AND DISCUSSION
Deuterated versus Nondeuterated Solvents. It is common

practice in 1H NMR to use deuterated solvents to avoid nuisances
from the overwhelming solvent signal. The adequateness of this
choice was questioned at the time of the introduction of hyphen-
ated HPLC NMR methods, due to the high cost of deuterated
solvents. In this respect, new acquisition schemes have been
developed, and it is now possible to use, with some caution,
nondeuterated solvents in hyphenated methods. In the case of
an analysis that intends to look into the chromatographic process,
it should be kept in mind that RPLC can separate deuterated and
protonated solutes.19,20 This difference in retention times between
the two isotopomers is a result of variations in the intermolecular
interactions between the molecules and the stationary phase. This
shows that, in principle, one isotopomer cannot be used instead
of the other in liquid chromatography because their retention
times could be different. The same holds true for our diffusion
measurements, in principle. However, this setup may not be
practical when the resonance due to the test and the solvent
molecules overlaps in the NMR spectrum. Thus, we directly
investigated the solvent isotope influence on the observed mobility
on both the phase (i.e., the flexible part of the solid phase) and
some test molecules. The peaks of the chromatographic phase
that are observed in the DOSY map (a part of the alkyl chains)
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Figure 1. BPP-LED pulse sequence. The picture shows the radio
frequency (rf) and gradient (Gz) pulses.

Table 1. Diffusion Parameters Used during the
BPP-LED Sequencesa

with phase

without phase ketones aromatics

δ/2 (ms) 0.5-0.75 0.7-0.8 0.5-2.3
∆ (ms) 40-60 75-100 75-800

a ∆/2 is the gradient pulse duration, and ∆ the diffusion time.

I ) Io exp[-D(δgγ)(∆ - δ/3)] (1)
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show a biexponential decay along the diffusion dimension. In the
case of deuterated acetonitrile as a solvent, the two diffusion
components were (1.2 ( 0.1) × 10-11 and (2.3 ( 0.5) × 10-10 m2

s-1. With a protonated HPLC grade solvent, we obtained a
diffusion coefficient of about 8 times faster ((9.5 ( 0.1) × 10-11

m2 s-1) for the slow component and 16 times faster ((3.7 ( 0.5)
× 10-9 m2 s-1) for the fast component. This suggests that alkyl
chains bonded on silica gel do not have the same organization
with deuterated or protonated solvent. In the case of the aromatic
homologous series, the analytes had the same ADC in deuterated
or protonated solvent, suggesting that the different chromato-
graphic phase organization entailed by the isotopomer had no
influence on the observed equilibrate and, also, on the diffusion
measured. It can be concluded that the different isotopomers do
not influence the NMR observables in our experiment.

In the following analysis on homologous series, we used
protonated solvents in the case of the aromatic molecules. The
same was not possible for the ketone series because an overlap
between the acetonitrile signal (1.94 ppm) and the ketone methyl
signal (2.15 ppm) is observed, due to the limited resolution caused
by the presence of chromatographic phase, and deuterated
solvents were employed.

NMR Mobilities in Homologous Series Varying Solvent
Mixtures. Homologous series commonly used in chromatography
for estimations of column performances in terms of both efficiency
and selectivity include aromatic molecules, n-alcohol, n-alkylben-
zene, and n-ketone. We used an aromatic (benzene, naphthalene,
and anthracene) and a ketone (acetone, butanone, and pentan-2-
one) series to perform our study.

A 1H MAS NMR spectrum of the ODS bonded phase with the
mixture of aromatic solutes in acetonitrile is presented in Figure
2.

The resolution enhancement in the diffusion NMR induced
by the addition of a chromatographic phase is pointed out in
Figures 3 and 4. Without the chromatographic phase, the diffusion
dimension exhibits a poor resolution (Figures 3a and 4a), meaning
not appreciable differences in the mobility of the set molecules.
With the support, ADCs differences become a factor of 35 between
benzene and naphthalene and 7 between naphthalene and an-
thracene (Figures 3b and 4b), greatly increasing the resolution
in the diffusion dimension. Even under magic angle spinning, the
resolution recovered in the first dimension (the NMR chemical
shift) is weaker than for the corresponding spectra in a pure
solution, due to residual anisotropic effects.21 Overall, the mobility
variation between aromatic solutes does not exceed 6% in the
absence of the solid support. Instead, the use of the ODS
chromatographic phase gives a maximum relative variation of 100%
between the slowest and fastest compound, providing an evident
separation of the spectra of the molecular systems in the diffusion
dimension.

A similar behavior is observed for the ketone series (Figure
5), with poor resolution of the molecular spectra without the
chromatographic support (Figure 5a). The butanone and pentan-
2-one are essentially indistinguishable from their diffusional
properties. The addition of the solid phase (Figure 5b) doubles
the resolution between these two molecules. The less effective
ADC separation of the ketone ensemble with respect to the
aromatic ones (Figures 3b and 5b) parallels the scale of selectivity
observed in HPLC, as in our interpretation, the delay observed
in the ADC is directly related to the residence time. Ketones are
less retained than aromatic molecules in these conditions.

Figure 2. 1H MAS NMR spectrum of a homologous aromatic series
in pure acetonitrile with the octadecylsilyl bonded silica gel inside the
rotor.

Figure 3. 1H DOSY NMR spectra of a homologous aromatic series in pure acetonitrile (a) without and (b) with the presence of the
chromatographic support.
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The resolution observed in the diffusion dimension of these
DOSY charts (Figures 3-5), due to the intrinsic line widths, is
reduced in the presence of a solid with respect to experiments
performed on solutions. While the processing of this kind of data
can still be considered in its infancy and not completely appropri-
ate to provide the best resolution,22 there may be some physical
explanations for such a line broadening. In fact, the observed
average process that gives rise to the NMR peak can still suffer
from anisotropic effects, namely, variations of the local environ-
ment or of the diffusion properties for a subset of molecules. At
the extreme, all of the above could translate into peak splitting
and to a line broadening on a milder scale. Experiments are
underway to investigate these particular aspects.

Role of the Mobile-Phase Composition. In liquid-phase
chromatography, the mobile-phase composition has a strong
influence on the separation quality and selectivity. The effect of
using, as a liquid phase, a water/acetonitrile mixture was thus
investigated next. Optimized ratios of the two liquids are known
to be necessary for optimal separation of a given analyte mixture.

We varied the solvent composition from 70 to 100% and from 60
to 100% in acetonitrile for the aromatic and ketone series,
respectively, since for this latter series higher water content are
expected for optimal resolution.

Incidentally, Figure 4b, representing the aromatic series in a
solvent containing 20% water in the presence of chromatographic
phase, shows that the water signal is associated with two different
ADCs. The first value of the ADC corresponds roughly to the one
of free water ((2.3 ( 0.3) × 10-9 m2 s-1), while the second one is
∼7 times slower ((3.1 ( 0.1) × 10-10 m2 s-1). This difference in
ADC is of the same order as the value measured by Lindon and
coauthors23 and confirms the existence of two different populations
of water: the first one is close to free water, and the second one
may correspond to water trapped inside ODS bonded silica pores.

(21) Morcombe, C. R.; Zilm, K. W. J. Magn. Reson. 2003, 162, 479-486.
(22) Thureau, P.; Thévand, A.; Ancian, B.; Escavabaja, P.; Armstrong, G. S.;

Mandelshtam, V. A. ChemPhysChem 2005, 6, 1510-1513.
(23) Coen, M.; Wilson, I. D.; Nicholson, J. K.; Tang, H.; Lindon, J. C. Anal. Chem.

2004, 76, 3023-3028.

Figure 4. 1H DOSY NMR spectra of a homologous aromatic series in a acetonitrile/water mixture (80/20, v/v) (a) without and (b) with the
presence of the chromatographic support.

Figure 5. 1H DOSY NMR spectra of a homologous ketone series in acetonitrile-d3 (a) without and (b) with the addition of ODS silica gel.
Spectra are the sum of the ones of the three individual molecules, recorded separately.
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For all liquid-phase compositions, the mobile-based separation
quality observed by NMR was again weaker for the ketone series
than for aromatic solutes as observed in liquid chromatography.

Since the effect detected by our technique is the weighed
average of molecular diffusion over all possible phases, we first
measured the incidence of varying the solvent composition on
the mobilities of the test molecules in the pure liquid. In fact, this
is the only state of the matter in the final mixture that can be
easily described. Without the chromatographic phase, all ADC
are lower for higher water content (Figure 6) roughly by a factor
from 1.5 to 4.0 over the range tested, consistently with the
increasing viscosity of the solution. The opposite trend is observed
in the presence of the ODS silica gel. In this case, the evolution
of the molecular diffusion rates is the opposite and the ADC of
the solutes increases when water is added (Figure 7).

To clarify further the comparison between our results and
chromatography, we built an equivalent of a chromatogram by
reporting the inverse of the ADC as a fictitious retention time
(Figures 8 and 9). The less retained solute is therefore on the
left of the figure and the most retained is on the right.

In this “NMR retention time” scale, the solute with fastest
mobility would correspond to the first eluted one. In Figure 8,
the order of “NMR elution” is equivalent to the chromatographic
one. For the aromatic series, the first eluted solute is benzene,

then naphthalene, and finally anthracene. In this representation,
the difference in “retention time” between a solvent composition
with 0 and 30% of water shows that the addition of this latter has
more influence on benzene than on naphthalene and little effect
on anthracene mobilities. A similar trend is observed for butanone
and pentan-2-one in Figure 9, where the impact of the water
addition is also inversely proportional to the molecular size. This
is not the case for acetone, which is commonly used for the
determination of void volume in RPLC. However, RPLC experi-
mental evidence shows that acetone is at least weakly retained
under all mobile-phase compositions and that retention increases

Figure 6. Evolution of the ADC for the both homologous series as a function of the solvent composition without chromatographic support. On
the left panel the aromatic set, and on the right panel the ketone one.

Figure 7. Evolution of the ADC for the both homologous series as a function of the solvent composition in the presence of the chromatographic
support. Left panel: aromatic series, with the scale relative to benzene on the right-hand side and the one relative to the two other molecules
on the left-hand side. Right panel: ketone series.

Figure 8. Illustration of the ADC evolution of the aromatic homolog-
ous series for two values of the solvent composition in the form of a
chromatogram. The retention is expressed as the inverse of the ADC,
and the vertical scale is fixed.
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with the water content. These considerations are consistent with
the weak influence of water on the acetone ADC.

The effect of the solvent composition on the separation
selectivity, defined as the resolving power of the method, in the
case of the NMR analysis parallels the known trend of HPLC. On
the other hand, the solute mobility is inversely proportional to
the water content in the liquid phase (i.e., the NMR retention time
decreases). This is contrary to the commonly observed behavior
of RPLC, where the retention time increases when water is added
to the mobile phase. This difference cannot be easily explained
at this stage but may be due to the fact that we only observe a
part of the chromatographic process. The mixture resulting from
the addition of a liquid and a chromatographic stationary phase
can be seen as a combination of intermediate phases, with respect
to the different mobilities. A probe molecule, such as the test ones
used in our homologous series, explores the different environ-
ments as a function of their accessibility. Namely, the addition of
water induces the unfolding of the grafted organic chains, thus
unblanking the access to a part of the porous surface while at the
same time providing a new semimobile environment. A part of
the water is retained by the chromatographic phase, as testified
by the two diffusion rates observed for the water peak. Coinci-
dently, the ADC of acetonitrile also decreases when water is
added, providing further evidence that addition of water increases
the interaction of the liquid phase with the silica gel. Similarly,
the different solute molecules will populate the various layers
according to the relative affinities and size. A qualitative idea of
the upper limit of the mobility of these layers can be found in the
most mobile-phase peaks in the DOSY display, corresponding to
the terminal bent of the chains.

For instance, anthracene has the slowest average mobilities,
being even less mobile than alkyl bonded chains, as this molecule
likely penetrates deeper in the stationary phase24 than other probe
solutes. Within this representation of the average mobility, the
trend observed for a given molecule while changing the mobile-
phase composition must be explained either by a variation in the
population of the different layers or by changes in the diffusion
rate typical of each layer. For example, Guiochon and coauthors25

showed that, for the different diffusions measured in RPLC, only
the intraparticle diffusion increases with the water percentage in
the mobile phase.

CONCLUSIONS

We provided an analysis of the evolution of ADC of small
molecules dissolved in a liquid in the presence of ODS silica.
HRMAS NMR provides the resolution necessary to distinguish
relevant details of the molecular motion.

The analysis can be performed in deuterated solvents without
appreciable effect on the partition of the analytes among the
different phases present in the sample.

The variation of the liquid-phase composition, following typical
cases employed in HPLC, is reflected by the mobility of the
mixture components. Particularly, high water concentration in a
mixture with acetonitrile amplifies the difference in mobilities in
typical test sets of homologous molecules, a result consistent with
the increased selectivity observed in HPLC for the same condi-
tions. However, a striking difference with liquid chromatography
is observed as this higher selectivity is associated usually with
longer retention times, while in our experiments an acceleration
of the molecular mobility is found.

We are designing some experiments to further describe this
behavior.
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Figure 9. Same representation as in Figure 8 for the ketone series.
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