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Ž .Abstract: Modest pressure - 350 bars has a significant impact on reversed-phase
liquid chromatographic retention using b-cyclodextrin stationary phase. Demon-
strated here for separations of the positional isomers of nitrophenol and naphthol
as well as the enantiomers of hexobarbital and mephobarbital, the effect of small
pressure perturbations on solute capacity factor ranges from q11 to y14%. These
changes in retention arise from pressure-induced shifts in solute equilibria and are
used to estimate the change in molar volume upon solute binding with b-cyclo-

Ž .dextrin DV . In this article, the effect of the mobile phase on pressure-inducedcomp
shifts in solute retention is examined. Mobile-phase composition is observed to
have a significant influence on the change in solute capacity factor with pressure
and therefore on DV . As the composition of water in the mobile phasecomp
increases, the change in partial molar volume of complexation is observed to
become more positive for both positional isomer and chiral separations. Although
these studies imply that changes in solvent composition have a general effect on
the observed DV and therefore on the change in pressure perturbation withcomp
solvent composition, it is clear that more studies are needed to establish the exact
nature and breadth of this effect. Q 1998 John Wiley & Sons, Inc. J Micro Sep 10: 647]652,

1998
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INTRODUCTION
The extensive use of b-cyclodextrin in chemical

separations has been driven by its ability to exhibit
highly selective interactions with a wide variety of
compounds. The b-cyclodextrin molecule, composed
of seven glucoside units in a toroidal geometry,
possesses a rigid inner cavity capable of selective

w xsize and shape discrimination 1 . In addition, the
larger rim of the cyclodextrin cavity contains chiral

w xcarbons capable of enantioselective interactions 2 .
This combination of binding capabilities has led to
its utilization in liquid chromatographic stationary

w xphases 3]5 . Although the methods used to fabri-
cate the phase vary, the stationary phase used in this
investigation is synthesized by chemically attaching
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b-cyclodextrin to a spherical silica gel support using
w xa 3-glycidoxylsilane spacer arm 6 . Inclusion com-

plexation of solute with b-cyclodextrin is believed to
be the dominant retention mechanism of this sta-

w xtionary phase in the reversed-phase mode 5 .
Although the temperature dependence of b-

cyclodextrin bonded phase separations has been in-
w xvestigated 7]9 , pressure has only recently been

w xexamined as a variable for retention 10]12 . Even
as density and viscosity of polar mobile phases do

w xnot change significantly in this pressure range 13 ,
modest pressures may impact the retention of so-
lutes through shifts in equilibrium. In this article we

Ž .examine the role of modest pressure - 350 bars
on solute retention in b-cyclodextrin bonded phases
in the reversed-phase mode. These studies focus on
the effect of changes in mobile-phase composition
on these pressure perturbations of retention.

EXPERIMENTAL METHODS
Chemicals. The a- and b-naphthol as well as

Ž . Ž w xR, S -hexobarbital 5- 1-cyclohexenyl -1,5 dimethyl-

Ž . Ž .J. Microcolumn Separations, 10 8 , 647]652 1998
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. Ž . Žbarbituric acid and R, S -mephobarbital 5-ethyl-
.1-methyl-5-phenylbarbituric acid standards were

Ž .obtained from Sigma St. Louis, MO while o-, m-,
and p-nitrophenol standards were purchased from

Ž .Aldrich Milwaukee, WI . Mobile-phase solutions
Žwere prepared using distilled, deionized water model
.Milli-Q UV Plus, Millipore, Bedford, MA and

Žhigh-purity methanol Baxter Healthcare, Muskegon,
.MI . For the enantiomeric separations, the mobile

phases were buffered with high-purity acetic acid
Ž .Aldrich and high-performance liquid chromatogra-

Ž . Ž . Žphy HPLC grade triethylamine TEA Fisher, Fair
.Lawn, NJ with pH reported as the apparent pH of

the hydroorganic mobile phase measured using a
standard pH meter. All chemicals were used without
further purification.

Chromatography. A high-pressure syringe pump
Ž .model 260D, Isco, Lincoln, NE equipped with a

Ž .high-precision pressure transducer "1 psi was used
to deliver the mobile phase. The split-injection tech-

Ž .nique split ratio s 81 " 8; V s 12 nL was em-inj
ployed with a 1-mL internal volume injection valve
Ž .Valco Instruments, Houston, TX to introduce ana-

Žlyte solutions 0.7]1.6 mM, dissolved in mobile
.phase onto the column. The analytes were detected

Žutilizing an absorbance detector model UVIS-205,
.Linear, Chicago, IL fitted with a high-pressure cap-

Žillary flow cell 76 mm i.d. and 357 mm o.d.; Polymi-
.cro Technologies, Phoenix, AZ .

The positional isomer and enantiomer studies
each used single, packed capillary columns contain-

Žing b-cyclodextrin bonded stationary phase Cyclo-
bond I 2000, Advanced Separations Technology,

.Whippany, NJ . These chromatographic columns
Žwere fabricated using fused-silica capillary 251 mm

i.d. and 360 mm o.d.; Polymicro Technologies,
.Phoenix, AZ packed with a slurry of stationary

Ž .phase and 80:20 vrv acetone]20 mM aqueous
Ž .NH NO under moderate pressure 380 bars . Both4 3

columns were terminated using a quartz wool frit at
a final column length of 40.4 cm for the positional
isomer studies and 37.5 cm for the enantiomer stud-
ies.

The liquid chromatographic apparatus used in
these studies maintains a constant column flow rate

Ž .while varying the average pressure P on theav
column. With no added restrictor at the column
inlet or outlet, the average column pressure arises
solely from the pressure necessary to create mobile-
phase flow through the column. Therefore, the aver-
age column pressure may be approximated as simply
one-half of the column inlet pressure since the col-
umn outlet is at atmospheric pressure. If restrictors
producing equivalent back pressures are added at
the inlet and outlet, the column inlet and outlet
pressures are increased to the same extent. Al-

though the average pressure on the column is in-
creased by the magnitude of the pressure change
generated by the added restriction, the column flow
rate and pressure gradient remain constant. In this
way, the column flow rate was maintained at 1.5 "
0.04 mLrmin throughout these studies, resulting in
a column pressure gradient of 100 bars for 50 : 50
Ž . Ž .vrv methanol]water, 84.2 bars for 20 : 80 vrv
methanol]water, 129 bars for 40 : 60 : 0.9 : 0.17
Ž .vrvrvrv methanol]water]acetic acid]TEA, and

Ž .104 bars for 30 : 70 : 0.9 : 0.17 vrvrvrv
methanol]water]acetic acid]TEA mobile phase. No
correlation between pressure and flow rate was ob-
served in these studies, yielding a relative standard
deviation in the flow rate of less than 3% based on
replicate void time measurements. Solute retention
reversibility after high pressure was evaluated by
direct comparison of capacity factors at low pressure
after high-pressure perturbation.

RESULTS AND DISCUSSION
Solute retention in liquid chromatographic sepa-

rations has been shown to be well described by
equilibrium thermodynamics. Although the role of
temperature in separations has been widely exam-
ined, the other fundamental parameter in equilib-
rium thermodynamics, pressure, has been long over-
looked. The pressure dependence of the equilibrium
distribution coefficient of solute between the sta-
tionary phase and the mobile phase, K , can bedist
derived from the change in Gibbs free energy for

Ž .solute binding with the stationary phase DG :dist

­ DG ­ ln Kdist dists yRT q Dn RTk s DVSž / ž /­ P ­ PT T

Ž .1

where P is pressure and T is temperature. Since the
isothermal change with pressure in DG for an equi-
librium reaction is directly related to the change in

Ž .partial molar volume DV for that reaction, pres-
sure-induced changes in the distribution coefficient
may be directly related to DV upon solute binding

Ž .with the stationary phase. As Equation 1 indicates,
the change in the equilibrium distribution coeffi-
cient, K , with pressure is mediated by the Dn RTkdist S
term, which corrects for changes in molar concentra-
tion with pressure due to compression of bulk sol-
vent. The magnitude of this term is therefore related

Ž .to solvent isothermal compressibility k as well asS
the difference in the stoichiometric coefficients of

Ž .products from reactants Dn . For the separations
described here, the compressibilities are 3.8, 3.9, 4.0,

y5 y1 Ž .and 4.2 = 10 bar for 20, 30, 40, and 50% vrv
w xmethanol]water solutions, respectively 14 .
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In liquid chromatographic separations using b-
cyclodextrin bound to a stationary support, the pre-
dominant solute retention mechanism is b-cyclo-

w xdextrin]solute complexation 3]5 . For this reason,
the equilibrium distribution coefficient of the solute
between the stationary phase and mobile phase
Ž .K is directly related to the fundamental equilib-dist

Ž .rium complexation constant K for b-cyclo-comp
dextrin complexation with the solute. This equilib-
rium complexation constant can therefore be deter-
mined by measurement of the chromatographic ca-
pacity factor, k, the ratio of volumes of the station-

Ž . w xary and mobile phases f , and CD , which is the
equilibrium concentration of unbound cyclodextrin:

K kdist Ž .K s s 2comp w x w xCD f CD

Ž .Therefore, substitution of Equation 2 into the
pressure dependence of K described in Equationdist
Ž .1 permits estimation of the change in partial molar
volume of complexation directly from the measured

Ž .change in capacity factor k with pressure, assum-
w xing that f and CD do not change significantly with

pressure:

D ln k
Ž .yRT q Dn RTk s DV 3S compž /D P T

For the modest pressure conditions encountered in
liquid chromatography, the partial differential in

Ž .Equation 1 can be accurately represented as a
simple difference.

The change in molar volume upon complexation
Ž . Ž .DV determined by Equation 3 represents thecomp
difference in partial molar volumes of the products
and reactants involved in the complexation interac-
tion in their solvated states. Therefore, DV ac-comp
counts not only for differences in the partial molar
volumes of the individual molecules but for their
solvation volumes as well. The observed DV maycomp
be viewed as the sum of partial molar volume
changes for three distinct processes involved in
b-cyclodextrin]solute complexation in liquid solu-

w xtion 15 :

Ž .DV s DV q DV q DV 4comp desolv, solute desolv, CD inclus

The first two terms of this expression account for
the change in molar volume upon desolvation of that
portion of the molecule involved in the binding
interaction. Since the desolvation process generally
leads to a loss of solvent ordering around the solute,

Žthese terms are expected to be positive DVdesolv, solute
.) 0; DV ) 0 . The final term accounts fordesolv, CD

mutual solvation of the solute and cyclodextrin that
occurs upon inclusion and generally results in a

Ž .decrease in partial molar volume DV - 0 . Al-inclus
though modeling studies indicate the possible con-

w xformational flexibility of b-cyclodextrin 16, 17 ,
neutron diffraction measurements in the solvated
state show that no significant change in structure is

w xobserved 18 For this reason, it is assumed that no
significant conformational changes occur upon com-
plexation. As a result, the magnitude of the desolva-

Ž .tion terms in Equation 4 relative to the inclusion
term determines the direction and magnitude of the
overall observed change in solvated molar volume
upon complexation. That is, if the desolvation terms

Ž .are predominant DV ) 0 , an increase in pres-comp
sure is expected to yield a decrease in solute reten-
tion, and vice versa if the inclusion term is dominant
Ž .DV - 0 .comp

In these studies, we focus on the influence of
mobile-phase composition on the pressure depen-
dence of solute retention for liquid chromatographic
separations using b-cyclodextrin bonded phase in
the reversed-phase mode. Pressure has been isolated
as the only perturbation parameter by maintaining a
constant column flow rate while controlling the av-
erage pressure on the chromatographic column. The
packed capillary columns utilized for all measure-
ments ensure effective temperature control under

Ž .ambient conditions T s 23 " 18C . Utilizing this
approach, the observed changes in capacity factor
with pressure are expected to arise solely from shifts
in the equilibrium distribution of solute between the
mobile phase and b-cyclodextrin moieties in the
stationary phase. Moreover, since this study employs
positional isomers and enantiomers as probes, the
effect of pressure on both shape-selective and enan-
tioselective separations is investigated under condi-
tions commonly encountered by chromatographers.

Pressure effects on positional isomer retention. As
indicated in Table I, modest pressure has a signifi-
cant impact on capacity factor for solutes separated
in the reversed-phase mode with b-cyclodextrin sta-
tionary phase. For the nitrophenol separations, de-
creases in capacity factor up to 14% were observed
with a 280-bar increase in pressure. In contrast, the
naphthol capacity factors increased 2]3% or did not
change with pressure. The significance of these pres-
sure-induced changes in capacity factor is high-
lighted by including the propagated error for tripli-
cate measurements in Tables I and II. Not all so-
lutes exhibit statistically significant changes in solute
retention with pressure. Indeed, these positional iso-
mers display the full range of pressure dependence,
yielding either an increase, a decrease, or no change
in solute capacity factors with pressure.



Ringo and Evans650

Table I. Effect of pressure on capacity factor k for re¨ersed-phase separations of the positional isomers of
anitrophenol and naphthol on b-cyclodextrin bonded phase

o-Nitrophenol m-Nitrophenol p-Nitrophenol a-Naphthol b-Naphthol

Ž .Mobile phase 50 : 50 ¨r¨ methanol]water

P s 55.2 0.585 0.309 1.528 0.498 0.362av
bŽ . Ž . Ž . Ž . Ž . Ž .bars 0.0052 0.0017 0.0083 0.0021 0.0055

P s 323 0.573 0.301 1.45 0.513 0.370av
bŽ . Ž . Ž . Ž . Ž . Ž .bars 0.0092 0.0066 0.011 0.0038 0.0038

Percent change in y2 y3 y5.1 q3.0 q2
Ž . Ž . Ž . Ž . Ž .k 1.8 2.2 0.9 0.9 1.8

DV not significant not significant q3.7 y4.2 y3comp
3Ž . Ž . Ž . Ž .cm rmol 0.86 0.89 1.9

Ž .Mobile phase 20 : 80 ¨r¨ methanol]water

P s 42.1 1.16 0.99 3.34 5.14 3.47av
Ž . Ž . Ž . Ž . Ž . Ž .bars 0.018 0.022 0.036 0.053 0.055

P s 318 1.07 0.89 2.876 5.13 3.43av
Ž . Ž . Ž . Ž . Ž . Ž .bars 0.015 0.016 0.0094 0.050 0.031

Percent change in y8 y10 y14 not significant not significant
Ž . Ž . Ž .k 2.0 2.8 1.1

DV q6 q9 q12 not significant not significantcomp
3Ž . Ž . Ž . Ž .cm rmol 1.9 2.5 1.0

aThe error shown in parentheses for all capacity factor measurements is the standard deviation of 3 replicate measure-
ments while the error for % change in k and for DV is the propagated error. Nitrophenol data have been excerpted from
ref. 11.
b Ž .The naphthol separations with 50 : 50 vrv methanol]water mobile phase were performed in a separate assay for which
the average column pressures were 49.0 and 285 bars, respectively.

Table II. Effect of pressure on capacity factor k for re¨ersed-phase chiral separations of hexobarbital
aand mephobarbital on b-cyclodextrin bonded phase

Hexobarbital 1 Hexobarbital 2 Mephobarbital 1 Mephobarbital 2

bŽ .Mobile phase 40 : 60 : 0.9 : 0.17 ¨r¨r¨r¨ methanol]water]acetic acid]TEA, pH 4.2

P s 64.3 0.917 1.051 0.670 0.755av
Ž . Ž . Ž . Ž . Ž .bars 0.0039 0.0034 0.0007 0.0014

P s 306 1.02 1.17 0.742 0.829av
Ž . Ž . Ž . Ž . Ž .bars 0.013 0.011 0.0062 0.0092

Percent change in q11 q11 q10.7 q10
Ž . Ž . Ž . Ž .k 1.5 1.1 0.9 1.2

DV y12 y12 y11.5 y10comp
3Ž . Ž . Ž . Ž . Ž .cm rmol 1.4 1.1 0.9 1.2

Ž .Mobile phase 30 : 70 : 0.9 : 0.17 ¨r¨r¨r¨ methanol]water]acetic acid]TEA, pH 4.0

P s 52.2 2.46 2.84 1.97 2.24av
Ž . Ž . Ž . Ž . Ž .bars 0.048 0.068 0.017 0.021

P s 307 2.60 3.07 2.07 2.38av
Ž . Ž . Ž . Ž . Ž .bars 0.043 0.015 0.017 0.024

Percent change in q6 q8 q5 q6
Ž . Ž . Ž . Ž .k 2.6 2.5 1.2 1.4

DV y6 y8 y6 y6comp
3Ž . Ž . Ž . Ž . Ž .cm rmol 2.5 2.4 1.2 1.3

aThe error shown in parentheses for all capacity factor measurements is the standard deviation of 3 replicate measure-
ments while the error for % change in k and for DV is the propagated error.
bThe retention data for this mobile phase have been excerpted in part from ref. 12.
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Moreover, these pressure-induced perturbations
in capacity factor are shown to be dependent on
mobile-phase composition. These mobile-phase ef-
fects may be understood more clearly based on
changes in molar volume upon complexation
Ž .DV determined from the pressure dependencecomp

w Ž .xof solute capacity factor Equation 3 . For these
positional isomers, chromatographic retention mea-
surements at different pressures indicate a more
positive change in molar volume upon complexation
with increasing water content in the mobile phase
Ž .Table I . The nitrophenol isomers exhibit a negligi-

Ž .ble or slightly positive DV in the 50 : 50 vrvcomp

methanol]water mobile phase, with the DV be-comp

coming more positive upon increasing the water
Ž .content of the mobile phase to 20 : 80 vrv

methanol]water. In contrast, the naphthol isomers
show a negative DV when separated using a 50%comp
Ž .vrv aqueous mobile phase yet also exhibit a more
positive DV when the water content of the mo-comp

Ž .bile phase is increased to 80% vrv . Thus, regard-
less of whether DV is positive or negative, ancomp

increase in water content over this range results in a
more positive overall DV . Demonstrated here forcomp

two methanol]water mobile phases, this dependence
on solvent composition may not be consistent over
the entire range of mixtures. Accordingly, further
studies are needed to elucidate the exact depen-
dence of the overall DV on solvent composition.comp

Since changes in the bulk compressibility of the
mobile phase with changing composition are already

Ž .included in estimation of DV from Equation 3 ,comp

the observed changes in DV with mobile-phasecomp

composition may be evaluated based on expected
contributions to the partial molar volume during the

Ž .complexation process. Based on Equation 4 , shifts
in the magnitude and sign of the change in molar
volume upon complexation must arise from changes
in the relative contributions of desolvation and in-
clusion in the overall DV . In order for morecomp

positive DV to be observed with increasing watercomp

content, the DV and DV contribu-desolv, solute desolv, CD

tions arising from desolvation of the solute and
cyclodextrin must become more positive andror the
DV contribution from the inclusion step mustinclus

become less negative with increased water content
of the mobile phase. Unfortunately, these determi-
nations yield the overall changes in molar volume
upon complexation and do not allow isolation of the
individual contributions to the complexation process.
Nonetheless, the composition of the mobile phase
has a significant effect on the pressure dependence
of solute retention of positional isomers.

Pressure effects on enantioselectï e retention. In
addition to the separation of positional isomers,
b-cyclodextrin bonded phase is also commonly em-
ployed for chiral separations in the reversed-phase
mode. As shown in Table II, modest pressure is
shown to significantly affect enantioselective reten-
tion as well. For this study, the retention properties
of the structurally similar sedatives hexobarbital and
mephobarbital have been examined:

Hexobarbital Mephobarbital
CH CH3 3

OO OON N
H C3 H C3NH NH

O O

Both enantiomers of hexobarbital and mephobarbi-
tal exhibit increases in capacity factor which range
from q5 to q11% with an increase in pressure. In
every case, these capacity factor shifts were used to
estimate decreases in molar volume upon complexa-

Ž .tion DV that were similar in magnitude forcomp
enantiomeric pairs.

These pressure-induced perturbations in enan-
tiomeric capacity factor are also dependent on mo-
bile-phase composition. Consistent with the posi-
tional isomer separations, the enantioselective re-
tention measurements at different pressures shown
in Table II indicate a change to more positive molar

Ž .volumes DV with increasing water content incomp
the mobile phase. Again, this trend indicates that
the DV and DV contributions aris-desolv, solute desolv, CD
ing from desolvation become more positive andror
the DV contribution becomes less negative withinclus
increased water content of the mobile phase. These
pressure-induced shifts in enantioselective retention
by b-cyclodextrin bonded phase have important im-
plications for pressure-induced changes in chiral res-

w xolution 12 for this challenging class of separations.
At this point it is tempting to correlate the

observed changes in DV with solvent composi-comp
tion directly to interaction energetics. However, a
greater change in the Gibbs free energy of interac-

Ž .tion DG and concomitant increase in solutecomp
capacity factor does not infer a greater change in

Ž .solvated molar volume upon interaction DV . Itcomp
is the change in DG with pressure that gives rise to

w Ž .xDV Equation 2 . Demonstration of the lack of a
relationship between the magnitudes of DG and DV
can be seen in comparing the nitrophenol and naph-



Ringo and Evans652

Ž .thol capacity factors in the 20 : 80 vrv methanol]
Ž .water mobile phase Table I . Although the naph-

Ž .thols exhibit larger capacity factors higher DG , the
DV upon complexation is significantly less for the
naphthols than for the nitrophenols. However, the
exact nature of the solvent-mediating effect on pres-
sure-dependent retention remains unclear. Studies
are presently underway to assess this pressure de-
pendence over the full range of methanol]water
compositions as well as the impact for acetonitrile-
based mobile phases.
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