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Deuterium nuclear magnetic resonance spectroscopy as a
probe for reversed-phase liquid chromatographic bonded
phase solvation: methanol and acetonitrile mobile phase

components

David M. Bliesner™ and Karen B. Sentell

Department of Chemistry, University of Vermont, Burlington, VT 05405-0125 (USA)

ABSTRACT

Using the inversion-recovery method, deuterium longitudinal relaxation times, (7)), of [°H Jmethanol and [*H,Jacetonitrile in
enriched methanol-water and acetonitrile-water mobile phases were measured for the neat binary mixtures, and for the mixtures in
contact with two different monomeric C, ; reversed-phase stationary phases. Changes in the deuterium relaxation times for the organic
modifiers in contact with the stationary phase compared to those observed in neat solution give a qualitative understanding of the
degree of association of the organic components with the stationary phase. Both bulk solution microstructure and stationary phase C, ¢
bonding density play important roles in determining bonded phase solvation.

INTRODUCTION

Reversed-phase liquid chromatography (RPLC)
is one of the most widely used methods for separat-
ing complex mixtures of compounds with widely
varying polarities [1]. However, despite its wide-
spread use, methods development for RPLC sep-
arations is often complex and time consuming. This
is a manifestation of the overall dearth of under-
standing about solute retention at the molecular
level. Separations in RPLC are thermodynamic
processes involving the transfer of solute between
the mobile and stationary phases. Originally these
transfer processes were modeled in terms of liquid-
liquid partitioning processes, such as found in octa-
nol-water systems [2,3]. However, in RPLC this can
not be entirely the case, since there is no distinct
interfacial boundary between the stationary and
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mobile phases. The lack of a well defined boundary
between the stationary and mobile phases in RPLC
is due to the formation of a solvation layer at the
surface of the stationary phase, which results from
mobile phase interactions with the grafted alkyl
chains as well as the silica support. Preferential
sorption of mobile phase components by the sta-
tionary phase results in a layer whose thickness and
composition varies with the distance from the
bonded ends of the alkyl chains. The stationary
phase alkyl chains are not isotropic; they exhibit
ordering due to their covalent attachment to the
rigid silica substrate surface [2-4]. Chain ordering
also increases with increasing alkyl chain surface
coverage [2—4]. Due to varying degrees of chain in-
teraction, mobile phase components will penetrate
into the stationary phase in a non-uniform manner
[5]. The resulting structure is not a distinct interface
but an interphase which exhibits an order gradient
that varies along the bonded alkyl chain as a func-
tion of distance from the silica surface [2-4].

The overall structure of the RPLC solvation layer
is a function of several variables. These include: (i)
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the composition of the bulk mobile phase; (ii) the
length of the bonded alkyl chain; (iii) the degree of
derivatization of the silica surface or bonding densi-
ty, which is often expressed in units of micromoles
of bonded alkyl ligand per square meter of bonded
phase surface (umol/m?); (iv) the temperature of the
system; and (v) the numbers and types of residual
silanols remaining on the silica surface following
derivatization. In order to obtain a better under-
standing of the molecular interactions underlying
solute retention in RPLC, it is necessary to develop
more accurate models of the composition and struc-
ture of the solvation layer as a function of all of
these variables [5-9].

In the past, researchers have used various meth-
ods to probe the composition of the solvation layer.
Some of these have included the chromatographic
measurement of adsorption isotherms [6,9-13], gas
chromatographic (GC) methods [6-8], optical spec-
troscopy [14-23], and nuclear magnetic resonance
spectroscopy (NMR) [24-40]. NMR offers some in-
teresting possibilities in terms of understanding sta-
tionary phase—mobile phase interactions in RPLC
systems. The technique permits approaching the
problem from the perspective of the stationary
phase or the mobile phase. It also allows study of
these systems under chromatographic conditions
with minimal perturbation.

The present paper is a discussion of some of our
solution state NMR studies of RPLC stationary
phase-mobile phase interactions. This approach is
not unique in that several researchers have under-
taken such experiments in the past and obtained
interesting results [24-40]. However, although
many of these studies demonstrated the general val-
idity of the technique, they did so using uncommon
RPLC solvents [24-28,32,33,38,40] or they encom-
passed only a small range of mobile phase composi-
tions [26,28-30,32-37,40]. It was our goal to expand
on some of these initial studies in order to obtain a
more comprehensive understanding of RPLC sta-
tionary phase solvation by commonly used organic
modifiers using solution state NMR techniques.
This was accomplished by measuring deuterium
longitudinal relaxation times, T, of deuterated mo-
bile phase components in contact with the station-
ary phases of interest.

The utility of deuterium longitudinal relaxation
time experiments comes about because deuterium is
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a quadrupolar nucleus with spin quantum number /
= 1. Therefore its solution state longitudinal relax-
ation time, T}, is described by the following equa-
tion:

21 + 3
— = 2 &L T2
T, " P@-n* W)

Since I and the quadrupolar coupling constant, x,
are constants for a particular nucleus [41], the in-
verse of the relaxation time (or the rate of relaxa-
tion) is directly proportional to 1.. The molecular
correlation time, 1., is given in units of radians per
second and is a measure of how long it takes a mole-
cule to rotate through one radian. It is therefore a
measure of molecular motion. From eqn. 1 it is evi-
dent that as the correlation time increases (e.g. mo-
lecular motion decreases) the longitudinal relaxa-
tion time, Ty, decreases. Specifically, greater molec-
ular association or restriction causes a decrease in
T;.

Our current study is based upon work first con-
ducted by Marshall and McKenna [29] in which
they measured the solution state longitudinal relax-
ation times (T) of deuterium in *H,O-acetonitrile
mixtures over a composition range of 0% to 50%
2H,0 as a function of their volume-to-volume (v/v)
ratios. These measurements of T versus percent
2H,0 in the mobile phase mixtures were made for
the neat binary solutions as well as for samples of
the mobile phases combined with various chro-
matographic supports. By comparing the T, values
in the neat solutions to those for the same solutions
in contact with stationary phases, Marshall and
McKenna qualitatively gauged the degree of water
association with the stationary phase. Their results
are interesting in at least two respects. First, they
showed that for the samples they studied, the rela-
tive amount of water associated with the stationary
phase in acetonitrile—water systems is a function of
the amount of water in the bulk mobile phase. Sec-
ondly, they did not perform measurements at aceto-
nitrile concentrations less than 50%, since uniform
wetting of the stationary phase was not possible at
the latter solution compositions when the station-
ary and mobile phase mixtures were combined at
atmospheric pressure. In addition to observing
2H,0 relaxation times, they also measured the T,
for [2HJacetonitrile under a few of their experimen-
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tal conditions. Despite these interesting initial re-
sults, to our knowledge no further work of the same
sort was undertaken, although Ellison and Mar-
shall [30] have made deuterium and nitrogen-14
longitudinal relaxation time measurements to deter-
mine the surface fluidity in RPLC systems.

Because of the demonstrated potential of these
T. exneriments we have exnanded on Marshall and
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McKenna’s work. For the mobile phases used in
our studies we have been able to encompass the en-
tire binary composition range by overcoming the
problem of wetting the stationary phase samples
with highly aqueous mobile phases. Since our sam-
ple preparation method equilibrates the stationary
and mobile phases at pressures comparable to those
attained under chromatographic operating condi-
tions, it also much more nearly approximates wet-
ting under real chromatographic conditions. We
have also performed our *H NMR work using
[*Hs]methanol and [2Hs]acetonitrile in addition to
2H,0. The results obtained with [*H,]Jmethanol
and [*H;lacetonitrile are reported in this communi-
cation; those for 2H,0 are discussed in a second
paper [42)]. Finally, we have obtained this informa-
tion for two well-characterized monomeric Cig
modified stationary phases with greatly different
bonding densities in order to investigate the effect of
stationary phase alkyl chain interactions upon sol-
vation layer formation.

EXPERIMENTAL

NMR measurements

T, values for the methyl deuterons of [*H,Jmeth-
anol-water and [*Hj]acetonitrile-water mobile
phase mixtures, both neat and in contact with sta-
tionary phase, were measured on a Britkker WM-250
NMR spectrometer operating at a field strength of
5.875 Tesla and a frequency of 38.4 MHz for ?H.
The standard inversion recovery pulse sequence was
used (180°-1-90°-Acquire-Delay), where ¢ ranged
from 0.025 to 24 s. The sequence employed no less
than ten 7 values and each acquisition necessitated
from 2 to 32 scans. The relaxation delay was in ex-
cess of 5 T'; to allow the system to return to equilib-
rium between measurements. Total acquisition
times ranged from 10 to 50 min. Care was taken to
minimize reflected power for each sample in order
to minimize errors in the 180° and 90° pulse angles.
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Spectra were acquired using automatic field fre-
quency lock. Temperature was kept constant at
30°C (303 K).

Ty values were calculated by manual measure-
ment of peak height for each t value followed by a
three-parameter least squares exponential fit of the

peak height versus  plot. Relative error for repli-
cate measurements was in all cases less than 5%. All
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T, values are stated at confidence level of plus or
minus one standard deviation.

Chemicals

[*H4Methanol and [*Hjlacetonitrile (Isotec,
Miamisburg, OH, USA) were used without further
purification. HPLC-grade water was obtained in
house using a Nanopure (Sybron, Boston, MA,
USA) water purification system. Two silica-based
stationary phase materials were used in this work.
The first was a monomeric, non-endcapped Cig
phase of very high alkyl chain bonding density (4.4
umol/m?) which was synthesized in our laboratory
under conditions which have been previously de-
scribed [43]. This 10-um particie diameter station-
ary phase with a pore diameter of 85 A is designated
herein as LT1. The second stationary phase was a
partically endcapped Spherisorb S5-ODS-1 (Phase
Separations, Norwalk, CT, USA) monomeric C;g
phase with a low bonding density (1.5 pmol/m?).
This 5-um particle diameter stationary phase with a
pore diameter of 50 A is designated herein as
ODS-1.

Sample preparation

Approximately 3% (by volume) [2H4]methanol
or [*Hlacetonitrile was added to its non-labelled
analogue in a chromatographic mobile phase reser-
voir. These solvents and a separate reservoir of
HPLC-grade water were degassed by sonication in
an ultrasonic bath under vacuum. The desired mo-
bile phase mixture (v/v % ratio of organic co-sol-
vent-water) was delivered into a 10-mm NMR tube
by two Waters (Waters, Milford, MA, USA) Model
510 chromatographic pumps controlled by a Wa-
ters Model 680 automated gradient controller.
Samples were prepared in 10% or smaller volume
increments ranging from 100:0 (v/v) to 10:90 (v/v)
for [*Hs]methanol-water and [?H;}acetonitrile~wa-
ter. 2H T, values for the methyl deuterons of the
labeled organic components were then measured
for each neat mobile phase sample.
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To insure proper wetting of the stationary phase
with the labelled mobile phase solutions in the sec-
ond half of the experiments, mobile-stationary
phase mixtures were prepared in the following man-
ner. First, the chromatographic stationary phase
was dried under vacuum in excess of 12 h at 110°C
to ensure that all physisorbed solvents were re-
moved. The dry stationary phase was hand-packed
into an empty 10 cm X 4.6 mm stainless-steel chro-
matographic column. Mobile phase of the desired
volume percent ratio was then pumped through the
column at a fiow-rate which would generate at least
1500 p.s.i. (10.3 MPa) of backpressure. Approxi-
mately 50 ml of solvent was pumped through the
column in one direction, at which point the column
was reversed and an additional 50 ml was pumped
in the opposite direction. Following the wetting
procedure, one of the column end fittings was re-
moved from the column, the wetted stationary
phase was pumped as a smooth paste into an 8-mm
NMR tube and the T, experiment was performed
as described above for the neat mobile phase sam-
ples. It should be noted that at mobile phase com-
positions containing a very low volume percent of
organic solvent, it was necessary to gradually ramp
the flow-rate to achieve the desired back pressure
and that greater than 100 ml of mobile phase was
needed to properly wet the stationary phase. If not
properly wetted, the stationary phase would appear
either dry or lumpy when pumped from the chro-
matographic column.

RESULTS AND DISCUSSION

Neat mobile phase *H T; measurements

The deuterium longitudinal relaxation times, T},
for the methyl deuterons of [?H3)acetonitrile-water
and [*H,Jmethanol-water solvent mixtures versus
percent organic modifier in the mobile phase are
shown in Fig. 1. Recall that a decrease in deuterium
T, implies molecular association or decreased mo-
bility. Over the entire range of [*Hslacetonitrile—
water mixtures, the T values remained essentially
constant, averaging approximately 6 s (Fig. l1a).
The binary solvent mixture viscosity has also been
determined to be approximately constant through-
out the composition range [44]. Katz et al. [45] have
examined the association of methanol-water, aceto-
nitrile—water and tetrahydrofuran-water mixtures
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both theoretically, using equilibrium equations, and
experimentally, by measurement of volume changes
upon mixing in these solvent systems. The suggest
that these mixtures should be considered as ternary
rather than binary; the three components of these
mixtures would be free organic solvent (e.g. that
self-associated rather than associated with water),
free water and water-solvent mixed complexes.
Their predictions and experiments indicate that in
mixtures of acetonitrile and water, the proportion
of mixed acetonitrile-water complexes is very small,
reaching a maximum volume percentage of ca. 5%
when the nominal solution volume fraction of ace-
tonitrile is 0.5 [45]. Rowlen and Harris [46] have
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Fig. 1. ?H longitudinal relaxation time (7)) for deuterated or-
ganic modifier versus volume percent organic modifier in bulk
organic modifier-water mixture for (a) [2H,lacetonitrile () and
(b) [*H Jmethanol (H).
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reported Raman spectroscopic studies that provide
additional experimental evidence that there is a
concentration-dependent  equilibrium  between
forms of acetonitrile in aqueous mixtures. Their
measurements on the concentration dependence of
the CN stretching band area and bandwidth also

indicate that at acetonitrile mole fractions (yacn)
greater than 0.3 (ca. 0.55 volume fraction), large
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numbers of self—assomated acetonitrile species are
present in solution, and that at yacn > 0.55 (ca.
0.78 volume fraction) little to no water—-acetonitrile
mixed species exist [46]. Alvarez-Zedpeda et al. [47]
have also described the concentration-dependent
microstructure of acetonitrile—water solutions. Up-
on addition of acetonitrile to pure water, it can ini-
tially enter cavities in the water structure. However,
once these sites are occupied, acetonitrile becomes
increasingly self-associated in aggregates or loosely
defined clusters, resulting in bulk solution microhe-
terogeneity [47]. The acetonitrile species experience
a relatively homogeneous solution environment over
a large nominal binary composition range, due to
their extensive self-association. It is therefore quite
reasonable that, as illustrated in Fig. la, the
[2H;]acetonitrile T; values are approximately con-
stant throughout the composition range.

The plot of T, versus percent organic modifier in
the mobile phase for the methyl deuterons of
[*H Jmethanol-water (Fig. 1b) exhibits different
trends than that of the [*H3)acetonitrile-water sys-
tem. In this case, the [2Hy]Jmethanol T; values are
more or less constant from approximately 30% to
80% methanol in the mobile phase. However, at
both lower and higher concentrations of methanol,
a marked change to higher overall longitudinal re-
laxation times is noted. The T, behavior follows
that for viscosity in methanol-water mixtures [44].
There is a much greater degree of hydrogen bond-
ing in methanol-water systems than that exhibited
in acetonitrile—water systems, which is primarily
due to the presence of an additional pair of un-
paired electrons on the methanol oxygen [48]. Katz
et al. [45,49] have also investigated methanol-water
mixtures and have found that they are essentially
ternary mixtures with three distinct composition-
dependent distributions. Their extensive studies in-
dicate that as the nominal methanol volume frac-
tion increases from zero to ca. 0.4, there is a linear
increase in water—-methanol associated species that
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corresponds with a commensurate decrease in free
water species; there is little to no free methanol pre-
sent in solution. As the nominal volume fraction of
methanol increases from ca. 0.4 to ca. 0.8, the
amount of free water decreases drastically, that of
the water-methanol associated species goes through
a maximum at a nominal methanol volume fraction
of ca. 0.6, and the volume fraction of free methanol

increases rapidly. At nominal methanol volume
fractions above ca. 0.8, the volume fraction of free
methanol increases linearly, commensurately with
the decrease in water—methanol associated species
[45,49]. As seen in Fig. 1b, the measured T'; values
for the [?H4Jmethanol maintain a value of approxi-
mately 4 s from ca. 30 to 80% methanol in the mo-
bile phase, which corresponds to the region in
which water-methanol associated species predom-
inate. The greatly decreased 7'; values measured in
this composition region (ca. 4 s) compared to those
measured in the acetonitrile-water solutions (ca. 6
s) are indicative of restricted mobility of the metha-
nol species due to the greater extent of hydrogen
bonding in water—methanol associated species than
in self-associated methanol. At nominal methanol
volume percentages less than 30% and greater than
80%, the larger [*Hs]methanol T, values indicate
that methanol experiences a lesser degree of associ-
ation than in the intermediate composition region.
For the latter region, it is plausible that this is due
to the increased number of self-associated methanol
species in this composition range [45,49], in which
hydrogen bonding is expected to be considerably
less strong than in the water—-methanol mixed spe-
cies.

The relaxation time behavior for the composition
range from 0-30% methanol is less facile to model.
The measured 7, values for methanol at less than
30% methanol are comparable to those measured
for the same nominal volume compositions of the
acetonitrile mixtures. One possible explanation for
this similarity is that at low nominal concentra-
tions, methanol acts much the way that acetonitrile
does, entering cavities in the water structure until
these sites are occupied. It is reasonable that metha-
nol in such cavities would have a much larger de-
gree of contact with other methanol molecules in
the cavity than with aqueous species in the water
structure, resulting in 7, values comparable to
those measured for high methanol content mix-
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tures. Once these cavities in the water structure are
occupied, methanol will be more actively incorpo-
rated into the water structure via the formation of
water-methanol associated species.

Mobile phase ’H T; measurements for contact with
the stationary phase

If stationary phase is combined with the neat so-
lutions in the manner described in the experimental
section, and the longitudinal relaxation times are
re-measured, it becomes useful to compare the
change in the methyl deuteron 7' values in contact
with the stationary phase versus those observed in
neat solution. Although it may be expected that re-
laxation time measurements at the bonded phase—
mobile phase interface might suffer from interface-
induced inhomogeneities in the magnetic field, in
practice T; measurements are relatively insensitive
to magnetic field inhomogeneities, although this is
not the case for T, [50]. Again, by eqn. 1, which
states that a decrease in deuterium T values implies
restriction of molecular motion or association, it
can be concluded that a decrease in T, for the meth-
yl deuterons of [*H4Jmethanol or [*H;]acetonitrile
when combined with the stationary phase com-
pared to that for the neat mobile phase mixture im-
plies a reduction of motional freedom of these spe-
cies relative to the bulk solution due to association
of methanol or acetonitrile with the stationary
phase [29].

In Fig. 2a, the relaxation time of [2H,Jmethanol
in the neat mobile phase minus the relaxation time
of [*Hy]methanol when the same mobile phase is in
contact with stationary phase, which will be denot-
ed as AT, is plotted versus percent methanol in the
bulk mobile phase for the ODS-1 stationary phase.
For this low C;3 bonding density phase (1.5 umol/
m?) there is relatively little disparity in the deuteri-
um AT, values for bulk mobile phase compositions
ranging from ca. 30 to 80% methanol. Although
there is association of methanol with the stationary
phase, which is reflected by a positive value for 4T},
the degree of association of methanol with the sta-
tionary phase is constant throughout this composi-
tion range, and is also less than for any other range
of bulk methanol-water compositions. This is not
surprising in light of the proposed solution struc-
ture of methanol-water mixtures in this composi-
tion range, as well as our neat mobile phase T, mea-
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Fig. 2. Change in ?H longitudinal relaxation time (T,) for
[*H,Jmethanol in contact with monomeric C, , stationary phases
versus volume percent methanol in bulk methanol-water mobile
phase. (a) Low bonding density phase (ODS-1; 1.5 ymol/m?)
(O). (b) High bonding density phase (LT1; 4.4 umol/m?) (®).

surements. Recall that this region corresponds to
that in which water—-methanol associated species
predominate in Katz et al.’s model [45,49]. There is
a greater degree of hydrogen bonding in water-
methanol associated species than in self-associated
methanol species. Moreover, the methanol-water
hydrogen bonding interactions predominant over
this composition range are stronger and more di-
rected than the weaker, predominantly dispersive
interactions that take place between methanol and
C,s stationary phases. Doubtless accessible silanol
groups on the silica support could also participate
in hydrogen bonding with any of the solution spe-
cies. However, the octadecyl ligands bound to the
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silica support are likely to be only partially extend-
ed [22] due to limited methanol uptake over this
composition range and therefore would provide at
least some degree of shielding of mobile phase com-
ponents from the support surface. Consequently,
little if any association of methanol with the sta-
tionary phase is expected over this mobile phase
composition range, and from the bulk solution be-
havior, this degree of association would be expected
to remain constant. The expected behavior is ob-
served.

At compositions with more than 80% methanol
in the mobile phase, the methanol deuterium AT
values increase with the volume percent of metha-
nol in the bulk mobile phase. This implies a greater
degree of association for methanol with the station-
ary phase than is exhibited in the intermediate com-
position region. Recall that at nominal methanol
volume fractions above ca. 0.8, the volume fraction
of self-associated methanol complexes increases lin-
early, commensurately with the decrease in water—
methanol associated species [45,49]. Since the self-
associated solution species are not strongly hydro-
gen bonded with water, they are more likely to ex-
perience dispersive interactions with the C,g chains
of the stationary phase due to the hydrophobic
character of the methyl group [6-8]. Therefore, be-
cause of the bulk solution composition of the mo-
bile phase at these higher methanol concentrations,
uptake of methanol self-associated species should
enable the bonded alkyl chains to assume a more
extended configuration [5,15]). Once the stationary
phase chains assume a more extended configura-
tion, there is more accessible chain volume for fur-
ther methanol partitioning and the hydroxyl moiety
of the alcohol would also be better able to participa-
te in hydrogen bonding with residual silanol groups
on the silica support surface. Although other NMR
experiments in our laboratory have indicated that
the latter effect is negligible compared to the former
[42], the overall effect of methanol uptake is to al-
low greater penetration and corresponding associ-
ation of methanol with the stationary phase.

At mobile phase compositions with less than
30% methanol, a marked increase in A7 is again
observed, implying a larger degree of association of
methanol with the stationary phase than observed
in the intermediate composition range. It is well
known that in highly aqueous mobile phases, the
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hydrophobic alkyl stationary phase chains will as-
sume a collapsed or folded configuration in order to
minimize their surface contact with the polar mo-
bile phase [3,5,15,51]. This would cause methanol to
become entrapped within the collapsed chain struc-
ture (most likely within narrow-necked pores in the
silica support), and thereby result in a distinct de-
crease in the [’H4Jmethanol 2H T values. The ana-
logous AT, versus volume percent methanol plot
(Fig. 2b) for the high bonding density stationary
phase (4.4 ymol/m?); LT1 illustrates that the same
general trends are observed as for the low bonding
density phase (ODS-1).

The same types of experiments were also per-
formed using the same stationary phase materials
and [*H3Jacetonitrile-water mobile phase mixtures.
In Fig. 3a and b the changes in [*H3]acetonitrile
deuterium T, values in contact with ODS-1 and
LT1 are shown. Just as exhibited in the bulk solu-
tion measurements (Fig. 1a), the [2H3Jacetonitrile-
water mobile phase system demonstrates distinctly
different behavior than the [2H,]methanol-water
system. For both the LT1 and ODS-1 stationary
phases, the AT, values for acetonitrile in contact
with stationary phase are essentially constant over
the entire concentration range. This reflects the bulk
solution properties of [2H]acetonitrile-water mix-
tures in the same manner as was seen with
[*H4]Jmethanol-water mixtures. Recall that the mi-
crostructure of acetonitrile-water solutions is con-
centration-dependent. In the bulk solution model,
acetonitrile enter cavities in the water structure until
these sites are occupied. With further increase in the
amount of acetonitrile, it becomes increasingly self-
associated in aggregates or loosely defined clusters,
resulting in bulk solution microheterogeneity [47].
However, the acetonitrile species experience a rela-
tively homogeneous solution environment over a
large nominal binary composition range, due to
their extensive self-association [45—47]. It is there-
fore quite reasonable that, as illustrated in Fig. 3,
[?H3]acetonitrile exhibits a relatively monotonic de-
gree of association behavior with both stationary
phases throughout the composition range. It is in-
teresting to note that the compositon at which both
the bulk solution (Fig. 1a) and the high chain densi-
ty stationary phase (Fig. 3b) exhibit their minimum
Ty value is 60% acetonitrile; this is approximately
the same composition at which Rowlen and Har-
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ris’s Raman measurements first indicate large num-
bers of self-associated acetonitrile species present in
solution [45]. The AT; values for [2H;)acetonitrile—
water systems are maximized for the 10% aceto-
nitrile bulk solution, indicating that acetonitrile is
most highly associated with the stationary phase at
this composition. Just as is the case for comparable
methanol compositions, acetonitrile is likely en-
trapped within silica pores beneath the collapsed
chain structure that the hydrophobic alkyl station-
ary phase chains will assume in order to minimize
their surface contact with highly aqueous mobile
phases [15].
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If at this point a comparison of the results for
ODS-1 (1.5 umol C,g ligand/m? of bonded phase
surface) with those obtained for LT1 (4.4 umol/m?)
is made by superimposing the AT, plots (Fig. 4),
some subtle but interesting results emerge. Recall
that the primary difference between ODS-1 and
LT1 is their large difference in the degree of surface
derivatization (octadecyl bonding density). Yet as
shown in Fig. 4a, the degree of association of meth-
anol with the stationary phase for both chromato-
graphic supports is virtually the same, although up-
on close inspection, it can be noticed that there is a
slightly \arger degree of methanol association with
the ODS-1 stationary phase than for LT1 at several
mobile phase compositions. Although the differ-
ence for these compositions is small, it is statistical-
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ly significant. Upon initial considerations, this ob-
servation might appear somewhat surprising. Based
strictly on the degree of carbon loading, a qualita-
tive prediction might have been made that there
would be a significantly greater degree of methanol
association with the more hydrophobic high bond-
ing density phase (LT1) than with the low bonding
density phase (ODS-1). Yet if anything, the reverse
is indicated by our experimental measurements.
This apparent anomaly is readily explained if a
more comprehensive model of reversed-phase sta-
tionary phase structure, which takes into account
the effect of stationary phase chain organization on
solute partitioning, is considered.

As previously discussed, RPLC stationary phases
cannot be thought of strictly as bulk phases. The
stationary and mobile phase interact significantly,
resulting in the formation of the solvation layer.
Dill has predicted [2-4] and Sentell and Dorsey
have shown experimentally [52] that the degree of
bonded phase alkyl chain interaction is a function
of bonding density, and that the degree of chain
interaction strongly affects the ability of any solute,
including mobile phase components, to penetrate
the chain structure. At low bonding densities, there
are relatively few interactions between neighboring
C, s ligands; mobile phase access to the alkyl ligands
as well as to residual surface silanols is relatively
facile. Methanol species should therefore be able to
participate in dispersive interactions with the sta-
tionary phase alkyl chains as well as associate with
any accessible surface silanols through hydrogen
bonding. As alkyl chain surface coverage increases,
the latter effect is expected to decrease. Additional-

ly, for monomeric bonded phases there is a critical-

bonding density at about 3.0 yumol/m? wherein the
alkyl chains are in close enough proximity for inter-
actions with neighboring chains to become impor-
tant. Above this value, the degree of chain interac-
tion becomes a significant factor in determining the
extent of solute partitioning, since any solute parti-
tioning into the stationary phase must overcome
these interactions [2—4,52]. As bonding density fur-
ther increases, the free energy required to overcome
these chain interactions becomes increasingly pro-
hibitive, leading to commensurate decreases in sol-
ute partitioning [2—4,52]. This should result in a de-
creasing degree of penetration of mobile phase
components into the stationary phase for bonded
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phase surface densities of ca. 3 umol/m? or greater.
Cole and Dorsey [53] have confirmed this experi-
mentally by observing the effects of bonding density
on mobile phase re-equilibration volumes following
gradient elution.

The comparison between the ODS-1 and LTI1
phases in Fig. 4 can be reasonably made using this
interphase model for solute partitioning. When the
large disparity in bonding densities between LT1
and ODS-1 is considered, the experimental results
are logical and it is expected that methanol will be
able to participate in a greater degree of association
with the ODS-1 stationary phase than with the LT1
phase (Fig. 4a). This is because in the former, there
should be much greater accessibility of methanol to
both the hydrophobic C,g stationary phase chains
and to residual silanols. This provides dual mecha-
nisms for the larger decrease in the [*H4Jmethanol
T, values via association with the ODS-1 phase. In
contrast, the very high bonding density of the LT1
phase should lead to at least partial exclusion of
methanol from the interphase structure due to the
high degree of chain cooperativity as well as de-
creased access to surface silanols. Therefore it is
both expected and observed that [2H,]methanol un-
dergoes less association with the high density LT1
stationary phase than with the low bonding density
ODS-1 phase. The same behavior is observed for
[*H3]acetonitrile (Fig. 4b).

It is more interesting to compare and contrast the
AT, data between methanol and acetonitrile for
both stationary phases. In Fig. 5, the AT; plots for
each of the stationary phases in contact with the
two different mobile phase systems are overlaid.
The results show that over the bulk mobile phase
composition range from ca. 30 to 80% organic
modifier, acetonitrile displays a greater degree of
association with both stationary phases than meth-
anol does. This is doubtless due to their differences
in bulk solution microstructure. Since in this gener-
al composition range acetonitrile—water solution
chemistry is dominated by the formation of rela-
tively hydrophobic self-associated acetonitrile mi-
crophases [45-47] and methanol-water solution be-
havior is dominated by the formation of much more
polar water—methanol associated species [45,49], it
is reasonable that acetonitrile would be more highly
associated with both stationary phases. At bulk mo-
bile phase compositions with 20% or less organic
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modifier, the AT, values, and thus the degree of
association of the acetonitrile and methanol com-
ponents of the mobile phase, are comparable. This
is doubtless due to the collapsed chain structure as-
sumed by hydrophobic alkyl stationary phase
chains in highly aqueous mobile phases. Finally, for
purely organic bulk mobile phases, methanol dis-
plays a larger AT, value than acetonitrile. Since in
pure methanol solutions the methanol species are
not hydrogen bonded with water, they are much
more available to participate in dispersive interac-
tions with the C;5 chains of the stationary phase
than when water is present. This should bring about
a more extended configuration of the bonded alkyl
chains, which further increases methanol accessibil-
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Fig. 5. Comparison of the change in *H longitudinal relaxation
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ity to the bonded phase surface. These two effects
allow a greater degree of association of methanol
with the stationary phase when water is not present.
As discussed previously, acetonitrile exists in bulk
solution primarily as self-associated species
throughout the binary composition range, enabling
its accessibility to interact with the stationary phase
to remain more or constant [47].

Comparisons to other techniques

Before the results of this study are compared to
those obtained by other methods, it must again be
stressed that the AT, measurements made here are
not quantitative measurements of the amount of
sorbed organic modifier in the stationary phase sys-
tems, but rather are qualitative measurements of
how strongly these components of the mobile phase
are associated with the stationary phase under these
conditions. Extremely precise quantitative measure-
ments via integration of these NMR peak areas are
very difficult (if not impossible) to make. Addition-
ally, T, measurements for solvents in contact with
stationary phases will of necessity be a weighted av-
erage of the bulk solvent and associated solvent T
values, due to exchange between these two sites that
is fast relative to the time frame of the NMR experi-
ment [29]. However, because the T, values for the
bound solvents are typically much shorter than
those for the bulk solution solvents and the rate of
exchange occurs on a much faster time scale, the 7
values measured for the paste samples are dominat-
ed by the relaxation time of the bound solvent spe-
cies [29]. Our examination of the difference between
the bulk solution T; values and those measured for
the solution in contact with the stationary phase
should also help to correct for the contributions
from the relaxation of the species of interest in the
bulk solution. Finally, it should be noted that any
spectroscopic measurement of the interactions of a
species of interest with an RPLC bonded phase will
be representative of the average interaction of that
species with the bonded phase surface. For NMR
T, studies on any solute, it is expected that a distri-
bution of relaxation times would result from the
varying degrees of solute association with such a
heteroenergetic surface [30].

Despite the above restrictions, our 2H NMR T
studies provide both comparable and complimen-
tary information to previous studies. Lochmiiller
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and Hunnicutt [15] have stated “...local mn-alkyl
density effects as well as specific solvent-hydrocar-
bon interactions influence the ultimate conforma-
tion of monomeric n-octadecyl bonded phases.”” In
acetonitrile mobile phases, our study indicates that
the acetonitrile species exhibit a relatively monoto-
nic degree of association behavior with both C;g
stationary phases throughout most of the composi-
tion range. Analogous results have been reported
from adsorption isotherm studies [6,8,13,54]. A
number of spectroscopic studies have also indicated
that changes in stationary phase polarity as a func-
tion of bulk acetonitrile composition in these sys-
tems (due to intercalated mobile phase components
and/or stationary phase chain extension) are also
small [18,21,23]. In contrast, changes in stationary
phase polarity have been found to be much more
composition dependent for methanol-water mobile
phase systems [19,20,23]. Upon inspection, these
polarity measurements correspond well with both
the bulk solution composition characteristics re-
ported by Katz ez al. [45,49] and the results of our
[Hy]methanol studies reported here. Accordingly,
the cooperative solvation layer formation model for
C,s stationary phases in methanol-water mobile
phase systems proposed by Yonker et al. [7] is fur-
ther corroborated by our present studies.

At highly aqueous mobile phase compositions,
our present studies indicate that acetonitrile and
methanol are highly associated with the stationary
phase. These species are likely entrapped in narrow-
necked (“ink bottle”) pores beneath the collapsed
C, s chain structure that Lochmiiller and Hunnicutt
[15] have described; the hydrophobic alkyl station-
ary phase chains will assume this minimum free en-
ergy configuration in order to minimize their sur-
face contact with highly aqueous mobile phases.
Convincing chromatographic evidence for solvent
entrapment under these conditions has been pre-
sented by Gilpin and Squires [51] from thermal
studies on reversed-phase materials. This descrip-
tion is also consistent with models for alkyl chain
conformations at various stages of stationary phase
wetting derived from the work of Maciel and Zeig-
ler [31-33], who used CP/MAS solid state 3C
NMR and 2H solid state quadrupole echo NMR
measurements of selectively deuterated C,;g alkyl
chain positions to study the mobility of these bond-
ed phases for a variety of contact solvents. From the
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results of these studies, they maintain that at high
water content the C, g chains will be associated and
collapsed due to hydrophobic interactions. Bayer et
al. [34-36] and McNally and Rogers [37] have also
found significant reductions in *C T; measure-
ments (i.e. reduced mobility) for bonded phase car-
bons in contact with highly aqueous systems.

Our experiments indicate that acetonitrile is for
the most part more associated with either stationary
phase than methanol. Spin probe studies [55] as well
as numerous adsorption isotherm measurements
[6,8,10~13] support this conclusion. Furthermore,
we have shown that the degree of organic modifier
association with the stationary phase is a function
of alkyl chain surface density, which correlates well
with previous 13C NMR [25,33], spin probe [55} and
chromatographic [53] measurements. In summary,
our deuterium NMR studies exhibit very good cor-
relations with studies of mobile and stationary
phase interactions carried out via a number of dis-
parate experimental techniques.

CONCLUSIONS

The work described here confirms the usefulness
of using solution state deuterium NMR measure-
ments for studying microenvironments in reversed-
phase chromatographic systems. Moreover, it has
also been shown that by using the sample prepara-
tion method described herein, this technique is ap-
plicable to studying a full range of binary mobile
phase compositions. The results obtained here give
a qualitative picture of the extent of organic mobile
phase components’ interactions with the stationary
phase as a function of bulk mobile phase composi-
tion and demonstrate that the degree of this interac-
tion is strongly related to bulk solution structure.
They further support a partitioning model for de-
scribing solute interactions with the stationary
phase in reversed-phase chromatographic systems
[2-4] by demonstrating that stationary phase bond-
ing density is an important factor in solvation layer
formation. It will be interesting to extend these ex-
periments to include additional stationary phases of
intermediate bonding densities, as well as to observe
the behavior of other mobile phase systems. More-
over, a complimentary communication forthcom-
ing from our laboratory reports and contrasts the
changes we have observed in 2H,0 T, values as a
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function of composition for the same mobile and
stationary phase systems discussed in this work [42].
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