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In this paper, we describe studies of the retention characteristics of nonpolar molecules with a novel liquid-
crystalline, silica-supported, comb-shaped polymer chromatographic phase, Sil-ODA18. These results extend
and amplify previous reports of the roles of enthalpic- and entropic-driven processes in the modulation of the
selectivity of nonpolar and polar compounds in reversed-phase high-performance liquid chromatography (RP-
HPLC). The investigations reveal that phase reorganization is the most important factor controlling selectivity
enhancement with silica-supported, comb-shaped polymer phases as the temperature,T, of the system is
varied. Moreover, these studies demonstrate that contributions from the stationary and the mobile phases can
be independently fine-tuned to achieve enhanced selectivity via partition and/or adsorption binding processes.
The relevant thermodynamic parameters, namely, the changes in enthalpy, entropy, and heat capacity for
various nonpolar solutes with this comb-shaped polymeric sorbent, have also been determined using recently
developed analytical procedures for the evaluation of nonlinear van’t Hoff plots. These investigations into
the thermodynamic properties of the comb-shaped polymeric sorbent in its ordered crystalline and noncrystalline
states clearly delineate the differences in binding behavior compared to conventional types of monolayer
n-alkylsilica sorbents and thus should facilitate wider application of this new class of reversed-phase sorbents
in the separation sciences.

Introduction
Reversed-phase chromatography (RPC) is currently the most

widely used of all of the high-performance liquid chromato-
graphic (HPLC) modes of separations. The evaluation of the
physicochemical basis of the retention mechanisms of different
classes of solutes in RPC has received extensive attention, with
the experimental results often interpreted in terms of the
solvophobic model proposed by Horvath et al.1,2 A central
question pertaining to all RPC separations is, What drives the
retention process? This question has been the subject of
considerable debate and investigation since the concept of RPC
was first used in 1950 as an analytical separation method by
Howard and Martin.3

Two primary RPC mechanisms can be considered, namely,
the solvation/desolvation model,1,2 whereby expulsion of solutes
from a polar mobile phase dominates the free energy of transfer
with nonpolar sorbents acting as receptive but passive surfaces,
and the partitioning model,4-6 where the stationary phase
contributes in a much more significant way to the overall
distribution process. On the basis of solvophobic considerations
that encompass the solvation/desolvation model, Horvath and
co-workers1 have proposed that the interaction between the
solute and the mobile phase provides the primary driving force.
According to this model, retention in the high-performance
modes of RPC can then be attributed to adsorption rather than
partitioning processes between the solutes and the nonpolar
sorbent.1,2 In the solvation/desolvation model, the contribution

of the stationary phase per se is thus minimized with the
retention of a solute largely controlled by the free energy
liberated by the formation of water-water contacts upon binding
of the solute to the passive nonpolar surface of the sorbent.
Retention via solvophobic processes can then be described in
terms of a two-step mechanism, which involves the creation of
a solute-sized cavity in the mobile phase and the transfer of
solutes to or from this cavity.

An alternative three-step partition model of retention has been
proposed by Dill et al.4,5 on the basis of the application of mean-
field statistical thermodynamic theory. This three-step process
involves (i) creation of a solute-sized cavity in the stationary
phase, (ii) transfer of solute from the mobile- to the stationary-
phase cavity, and (iii) closing of the solute-sized cavity in the
mobile phase. In the partitioning model, solutes can become
fully embedded in the stationary phase rather than just adsorbed
onto the surface of the sorbent. When a partition mechanism
applies, solute retention will be affected by the surface density
of the immobilized phase, whereas if adsorption occurs, this
dependence should not apply. The fundamental differences
between the partitioning model and the solvation/desolvation/
adsorption model thus relate to changes in the degrees of
freedom of the various components of the system associated
with the binding process.

Vailaya and Horvath7 have examined in terms of solvophobic
concepts a large body of data involving RPC separations, oil-
water partitioning, and adsorption to activated charcoal of low-
molecular-weight compounds from dilute aqueous solutions. The
free-energy changes per unit surface area for each of these
processes were found to agree with solvophobic predictions.
Importantly, the results confirmed the dominant role of the
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mobile phase in governing the selectivity in RPC of nonpolar
solutes. Cole and Dorsey8 have also calculated enthalpy and
entropy changes for a number of solutes on binding to
immobilizedn-octadecyl-(C18)-sorbents of low bonded densities
and have compared the values obtained by Gill and Wadso9

for the transfer of the same solutes from bulk organic liquids
to water. This comparison revealed that the chromatographic
process was not directly modeled by a bulk oil-water partition
process, with the nonpolar ligands anchored onto the stationary
phase acting as an interphase rather than as a bulk phase.

Further, Vailaya and Horvath10 obtained thermodynamic data
with RPC sorbents of various ligand densities to validate further
the physicochemical basis of these solvophobic considerations.
The expected effect of ligand density in these RPC systems on
retention data was not, however, always observed. However,
thermodynamic studies by Cole and co-workers8,11have shown
a consistent effect of ligand density on retention. These
investigators further concluded that arguments based on the
hydrophobic driving force as predicted by solvophobic concepts
lead to a reasonable explanation when hydrogen-bonded or
highly aqueous mobile phases were used, but invoking this
“solvophobic effect” did not provide an adequate explanation
for retention processes in other situations. Moreover, the
selectivity trends evident with stereoisomeric solutes have yet
to be rationalized in terms of solvophobic concepts, despite their
application to large sets of experimental retention data related
to homologous compounds. For example, Sander and Wise have
reported12-15 unusual selectivity behavior of isomeric polycyclic
aromatic hydrocarbons (PAHs) with immobilized monomeric
and polymeric C18 phases of various bonded densities. The
structure and morphology of the immobilized ligand at the
surface of the stationary phase must thus play an important role
in the selectivity of PAHs and other classes of molecule.

To evaluate in a physically consistent manner the dominant
driving force in RPC, two key factors therefore need special
attention, namely, the state of organization of the bonded
stationary phase and the polarity of the eluent. With conventional
n-alkylsilica sorbents, various lines of evidence suggest that the
binding process of solutes with these nonpolar stationary phases
shifts from a partitionlike to an adsorptionlike mechanism as
the length of the nonpolar ligands that form the bonded phase
becomes shorter.16 DeVido et al.17 recently reported that partition
processes shift from enthalpy-driven to entropy-driven with
increasingT with such nonpolar sorbents. However, Vailaya
and Horvath7,10have concluded that a clear distinction between
partition and adsorption processes in RPC for nonpolar solutes
is not apparent from their thermodynamic analysis.

To further probe the underlying mechanism(s) that prevail
in the RPC of nonpolar solutes and to gain additional insight
into the origin of these apparently contradictory observations
on the retention processes that arise from variations in the
bonded-phase properties, a single experimental system that
exhibits all of these features is needed (i.e., adsorption, partition,
and a shift from an enthalpy-driven to an entropy-driven mech-
anism depending on the selected mobile-phase composition or
T). We have therefore investigated for such a model system
the binding behavior of a novel comb-shaped polymer (Figure
1) based onn-octadecyl-acryl groups, which shows all of these
desired properties when immobilized18 as a silica-based sorbent
(Sil-ODA18). In this report, we present a quantitative evaluation
of retention data of nonpolar solutes with this Sil-ODA18 sorbent
as a prototypical example of the thermodynamic changes that
can arise when transitions occur between the crystalline and
noncrystalline liquid states of immobilized phases in RPC. In

addition, the physicochemical basis of the binding behavior of
this Sil-ODA18 sorbent is compared with results obtained with
a more conventional type of immobilizedn-octadecylsilica (C18)
sorbent.

Experimental Section

Materials. The silica-supported comb-shaped polymer sor-
bent (Sil-ODA18) was prepared, characterized, and packed into
stainless steel columns (150× 4.6 mm) on the basis of
procedures reported previously.18-20 A YMC silica (5 µm, 120
Å, 295 m2 g-1) (YMC, Wilmington, NC) was used for the
immobilization of the polymer. A conventionaln-octadecyl-
modified silica sorbent (Inertsil ODS, G. L. Science, Tokyo,
Japan) of similar particle (5µm) and pore sizes (100 Å) and
surface area 300 m2 g-1 was employed for two comparative
reasons. First, our previous studies had shown that similar
percent carbon loadings could be achieved for both of these
high-purity silicassYMC silica and Inertsil silicaswhen the
former was modified with Sil-ODA18 groups and the latter, with
n-octadecyldimethyl groups, despite the fact that the number
of carbon atoms per mole of polymer in the case of the Sil-
ODA18 sorbent was 384 yet was only 20 in the case of the
n-octadecyldimethylsilica sorbent. However, under analogous
bonding conditions, comparable carbon loadings could not be
achieved for then-octadecyldimethyl-modified YMC silica.

Chemicals.All samples were purchased from Sigma-Aldrich
(Tokyo, Japan) or Fluka Chemika-Biochemika (Tokyo, Japan),
and HPLC-grade methanol was obtained from Wako Pure
Chemicals (Tokyo, Japan).

Measurements.Chromatography was performed using metha-
nol/water mixtures as the mobile phase at a flow rate of 1.0
mL min-1. The chromatographic system consisted of a type 880
PU pump, a type 930 intelligent RI detector, which were both
obtained from Jasco (Tokyo, Japan), a Rheodyne 7125 injection
valve (Rheodyn, Cotati, CA), a type U-620 column oven (Sugai,
Tokyo, Japan), and a type C-R6A data processor (Shimadzu,
Tokyo, Japan). The maximum injected volume of the sample
mixtures dissolved in methanol/water of different solvent
percentages was 50µL. As the sensitivity of RI detection is
relatively low compared to, for example, UV detection, a larger
injection volume of sample than traditionally employed with
UV detection was required for accurate determinations of the
k′ values. In principle, overloading of the column as well as
the RI detector can occur if excessive amounts of sample

Figure 1. Schematic illustration of a silica-supported, comb-shaped
polymeric sorbent (Si-ODA)n (8 e n e 18) and the type of phase
transition that could occur from the crystalline to the noncrystalline
state as the temperature is raised.
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are injected. To avoid these overloading effects, special attention
was thus given in these studies to the selection of optimal
experimental conditions. To achieve the highest precision in
the retention data measurements, the composition of the sample
solution for injection was determined by injections of mixtures
of the analytes at different concentrations. The minimum con-
centration of an individual component in the sample mixture
was determined from preliminary experiments based on achiev-
ing the highest number of theoretical plates,N, (i.e., the optimal
peak shape and peak height) and the reproducibility in the
retention times under the selected chromatographic conditions.
This approach ensured that the data were acquired under linear
isotherm conditions, with peak retention unaffected by the rela-
tively small size of the injection volume. Moreover, the
temperature of the column and mobile-phase reservoirs was con-
trolled to be within(1 K. Bulk solvents were filtered and de-
gassed by sparging with helium. The retention factor (k′) mea-
surements19,20were performed under isocratic elution conditions
with methanol-water mixtures atT values from 283 to 333 K
in 4 K increments. Thek′ values were calculated in the usual
manner from the relationshipk′ ) (te - to)/to, wherete and to
are the retention time of the solute and the void volume marker,
respectively. The retention time of D2O was used as theto mark-
er, with to changing by less than 5% as the experimental con-
ditions were varied over a temperature range of 50 K with the
Sil-ODA18 sorbent. All data points were derived from at least
triplicate measurements, withte values between replicates var-
ying typically by less than 1%. The various thermodynamic and
extrathermodynamic parameters were calculated using the Eu-
doxos and Hephaestus software developed in this laboratory,19,20

coupled to the Excel version 5.0 program (Microsoft), whereas
the statistical analysis involved the Sigmaplot 4.01 program
(Jandel Scientific) linear and nonlinear regression analysis. In
all figures presented, the standard deviations of replicates were
smaller than the size of the data points shown. Differential
scanning microcalorimetry (DSC) of the Sil-ODA18 sorbent in
different methanol/water combinations was carried out with a
Seiko model I & E and DSC-10 apparatus (Tokyo, Japan).

Results and Discussion

Studies of the Phase Transition of the Sil-ODA18 System.
When differential scanning calorimetric (DSC) measurements
were carried out with the Sil-ODA18 phase, the results indicated
that crystalline-to-isotropic phase transitions occurred asT was
varied. The first transition was observed at a temperature,TC1,
of ca. 303 K using 80% methanol/water (v/v) as the phase
underwent a transition from the crystalline-to-liquid-crystalline
state, and the second transition was observed at a temperature,
TC2, of ca. 313 K for the transition of the phase from the
crystalline-to-isotropic state. The phase transition temperatures,
TC1 and TC2, gradually shifted to higher values with higher
percentages of water in the mobile phase. Thus, the correspond-
ing TC2 values at 60% (v/v) and 40% (v/v) methanol/water were
ca. 315 and 317.5 K, respectively (Figure 2). In an 80% (v/v)
methanol/water system, the crystalline state was detected atT
values below 303 K, whereas the crystalline-to-liquid-crystalline
state occurred between 303 and 313 K. Liquid crystals represent
a specific state between a crystalline solid (most ordered) and
an isotropic liquid (least ordered). Liquid crystals are systems
that display liquidlike translational order but solidlike orientation
order, with the liquid-crystalline state formed after the melting
of the solid. The resulting liquid preserves properties intermedi-
ate between the solid and the liquid over a certainT range. A
transition takes place at a specificT value, called the clearing
temperature, to the isotropic liquid. TheT difference between

the melting point of the solid and the isotropic liquid determines
the mesophase range (i.e., for the Sil-ODA18 phase, this was
between 303 and 313 K). As apparent from the DSC experi-
ments, the ratio of the liquid-crystalline to crystalline phase for
the Sil-ODA18 sorbent increased within theT range of 303-
313 K, whereas above 313 K, the ratio of the isotropic to liquid-
crystalline phase increased. The decreases in phase organization
followed the order of crystalline> liquid-crystalline> isotropic.
Furthermore, the phase transitionT gradually shifted to a higher
value with a higher percentage(s) of water. These results
indicated that the polarity of the mobile phase had a significant
influence on the orientation order of the immobilized, silica-
supported, comb-shaped nonpolar phase.

Retention Behavior of Nonpolar Solute Molecules on the
Sil-ODA18 Columns. Figure 3a shows the typical retention
behavior of hydrocarbons on the Sil-ODA18 sorbent. A distinct
minimum was apparent in the plot ofk′ versusT for dodecane
and cyclododecane, followed by an increase in retention over
the T range that approximated the mesophase region. Because
of the relatively small changes in the magnitude of the dead
time, to, or phase ratio,Φ, of the column asT was changed for
a fixed mobile-phase composition, these substantial variations
in k′ as a function ofT must reflect the reorganization of the
stationary-phase surface from the crystalline to the liquid-
crystalline and finally to the isotropic structure. Cycloheptane,
heptane, and adamantane also showed similar retention behavior
as T was increased with an increase in thek′ values in the
mesophase range. Thek′ values of these analytes increased until
T reached isotropic conditions (i.e., overall, the retention of these
nonpolar solutes increased over the transition range between
the crystalline-to-liquid-crystalline and the liquid-crystalline-
to-isotropic states. With further increases inT, the retention
decreased as the isotropic state of the immobilized ligands
progressively approximated an expanded liquid. In common with
other studies exploring the origin of the retention processes in
RPC with conventional types ofn-octadecylsilica-based sor-
bents, the question naturally arises about the influence of the
silica gel on the retention behavior of nonpolar analytes with
this Sil-ODA18 stationary phase. Consequently, the performance
of the Sil-ODA18 phase was compared using silica gels from

Figure 2. Differential scanning microcalorimetric thermograms of the
Sil-ODA18 sorbent as a methanol-water dispersion at 40, 60, and 80%
(v/v) methanol (MeOH) in water, illustrating the shift in the phase-
transition temperature to higher values with increasing percentages of
water.
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different manufacturers (e.g., YMC, Inertsil, Fuji Silysia) and
with different particle/pore sizes and surface areas. Following
surface modification, the carbon loading was found, as expected,
to vary depending upon the type of silica gels used. For example,
the carbon loadings for the YMC (5µm, 120 Å, 295 m2 g-1),
Inertsil (5 µm, 100 Å, 300 m2 g-1), Fuji Silysia (5.7µm, 115
Å, 335 m2 g-1), Fuji Silysia (10 µm, 150 Å, 117 m2 g-1)
sorbents were 16.37, 17.05, 7.5, and 12.35%, respectively.
However, all of the examined analytes exhibited very similar
retention behavior asT was varied with these Sil-ODA18-
modified sorbents to that shown in Figure 3a. Equally relevant
was that the retention behavior of these Sil-ODA18-modified
sorbents was characteristically different from that observed for
the corresponding silica sorbent modified to comparable cover-
age by conventional procedures with monochloro-n-octade-
cyldimethylsilane. Although it is well known that the perfor-
mance of conventionaln-octadecylsilica sorbents greatly depends
on the properties of the silica gel and the type of bonding
chemistry employed in their manufacture, the above results
suggest that the influence of silica gel properties per se on the
specific interaction of solutes with Sil-ODA18-modified sorbents
is largely eliminated through application of our novel surface
chemistry with comb-shaped polymers such as ODA18.

The type of dependence ofk′ onT with the Sil-ODA18 sorbent
has been previously observed with nonpolar analytes with liquid-
crystalline phases in gas chromatography.21 Previous studies on
liquid-crystalline phases in liquid chromatography have not,
however, shown similar patterns of retention behavior with
increases ink′ values of nonpolar analytes with increasingT.22-24

These patterns of retention behavior with nonpolar solutes ap-
pear to reflect a unique attribute of Sil-ODAn-based sorbents
(wheren is the number of octadecylacryl groups). In compari-
son, thek′ values of the same nonpolar solutes with a con-
ventional C18 reversed-phase sorbent, such as the Inertsil ODS,
showed monotonic decreases with increasingT (Figure 3b).
These latter results are consistent with numerous, other reports
on theT dependence of nonpolar solutes with similar types of
monolayern-alkylsilica sorbents.

Effects of Solvent and Molecular Shape or Size of
Nonpolar Solutes onk′ Values with Sil-ODA18. In initial
investigations (Figure 3a), we observed that theT value at which
the k′-value increases became evident was dependent on the
shape and the size of the molecule as well as on the composition
of the mobile phase. It is important to note here that the
magnitudes of the increases in thek′ values for the smaller

hydrocarbons in the 80% (v/v) methanol/water mobile-phase
system were relatively small (Figure 4). Hence, several ad-
ditional experimental precautions were taken to ensure precision,
reproducibility, and robustness in the acquisition of these data.
Thus, (i) sparging of the mobile phase with helium was
discontinued at the commencement of the instrumental measure-
ment of each set of retention data since this could gradually
cause changes the mobile-phase composition; the solvent was,
however, sonicated at different intervals to remove any gradually
dissolved air gases; (ii) the column and mobile phase were
allowed to equilibrate at the same definedT for at least 30 min
before going to the next injection; (iii) the retention times of

Figure 3. Comparative plots of the retention factor,k′, versus temperature,T, for (a) the Sil-ODA18 sorbent and (b) the Inertsiln-octadecylsilica
sorbent using the following solutes: 1, cycloheptane; 2, heptane; 3, adamantane; 4, cyclododecane; and 5, dodecane. The mobile phase was methanol/
water (80:20 v/v), and the flow rate was 1 mL min-1.

Figure 4. Plots of the retention factor,k′, for heptane, cycloheptane,
cyclooctane, decane, cyclododecane, undecane, and dodecane as a
function of T using the Sil-ODA18 sorbent at different mobile-phase
compositions, illustrating the threshold temperature condition (indicated
by the arrow) at which an increase in thek′ values of these solute
molecules occurs. The solvent conditions used were as follows: (a)
80% (v/v) methanol/water; (b) 80% (v/v) methanol/water; and (c) 60%
(v/v) methanol/water at a flow rate of 1 mL min-1. The position of the
threshold temperature (indicated by an arrow) was derived from the
intercept of the linear regression analysis of the descending and
ascending components of these plots, which depends on the shape and
size of the solute molecules as well as the mobile-phase compositions.
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the various analytes were measured with single injections of
the mixtures, repeated at least in triplicate, where peaks
overlapped with a particular mobile-phase composition, and then
each of the analytes was injected sequentially; (iv) the temper-
ature of the column and mobile phase was uniformly controlled
throughout the experiment; and (v) statistically relative retention
and resolution map procedures were used to ensure that the
system was stable and satisfied the criteria of “reversible, near-
equilibrium”. The column dead time,to, and dead volume,Vo,
were measured after every fourth injection to accommodate any
small changes in values as theT was increased, and these values
were taken into account in the calculation of thek′ values.

Utilizing these carefully controlled techniques, it was feasible
to determine accurately theT values at which thek′ increased,
with these increases ink′ values occurring at theT values
indicated by the arrows in Figure. 4. Thus, in 80% (v/v)
methanol/water above∼295 K, cycloheptane and cyclooctane
showed an increase ink′ with increasingT, whereas from∼299
K, the linear analogue heptane (Figure 4a) showed analogous
behavior. Similarly, cyclododecane exhibitedk′ increases in 80%
(v/v) methanol/water atT ≈ 299 K with the Sil-ODA18 sorbent,
whereas analogous behavior was observed atT ≈ 303 K for
undecane and decane and atT ≈ 307 K for dodecane (Figure
4b). In 80% (v/v) methanol/water cyclopentane, cyclohexane
and cyclodecane showed an increase ink′ values atT ≈ 295 K,
whereas comparable behavior was observed atT ≈ 299 K for
hexane, octane, and nonane. When the water content of the
mobile phase was increased, theT-value thresholds leading to
increases in thek′ values with the Sil-ODA18 sorbent shifted to
higher values. Thus, theT value at which increases in thek′
values was evident for cycloheptane, cyclooctane, and heptane
in 60% (v/v) methanol/water shifted tog307 K (Figure 4c).
The retention data with the Sil-ODA18 sorbent for cycloheptane,
cyclooctane, cyclododecane, heptane, decane, undecane, and
dodecane in 80% (v/v) methanol/water or 60% (v/v) methanol/
water are shown in Table 1, with thek′ values at which increases
occurred with increasingT highlighted in bold. As is apparent
from these results, as the volume fraction of methanol was
increased, thek′ values of the solutes decreased. Concomitant
with this trend is that as the volume fraction of methanol was
increased the transition to higherk′ values occurred at lowerT
values. Thus, theT value at whichk′ values increased for
cyclohexane with the Sil-ODA18 sorbent shifted fromT ≈ 303
K for the 60% (v/v) methanol/water mobile phase toT ≈ 307
K with 50% (v/v) methanol/water. Rigid polycyclic compounds
such as adamantane, tricyclene, andtrans-pinane also exhibited
k′ increases aboveT ≈ 295 K in 80% (v/v) methanol/water,
and likewise theT values at which thek′ values shifted occurred
at higher values with mobile phases of increasing water content.
The retention behavior of these analytes was investigated down
to 30% (v/v) methanol/water with the Sil-ODA18 sorbent. The

different solute molecules, particularly the nonplanar cyclic and
open-chainn-alkanes, showedk′ increases atT ≈ 307 K even
at this higher water content. Finally, theseT dependencies were
also investigated using 90% (v/v) methanol/water, with the
retention behavior of these solute molecules found to be similar
to that obtained with 80% (v/v) methanol/water. From a mech-
anistic perspective, these investigations emphasize the impor-
tance of the molecular size and structure of these nonpolar sol-
utes in their interactions with this new Sil-ODA18 sorbent, with
the dependencies ofk′ on T collectively indicating a transition
from an enthalpy-driven to an entropy-driven process. Such
processes have been widely observed previously in protein sol-
vational phenomena and in protein-folding pathways and have
also been associated with the interaction of protein ligands with
their cognate binding partners.19,20,25-29 Moreover, the results
shown in Figures 3a and 4a and b, in particular, emphasize the
importance of group molecular parameters (GMPs), which can
be expressed in terms of the nonpolar surface contact areas that
these nonpolar molecules establish with the immobilized ligands
of the stationary phase and their linkage to linear free-energy
dependencies and shape-selectivity parameters. From these
viewpoints, these retention data provide useful bases to examine
the interaction thermodynamics of these nonpolar solutes with
this sorbent at the molecular level.

Determination of the Interaction Thermodynamic Pa-
rameters for Heterothermic Processes with the Sil-ODA18

Sorbent.The reversible, near-equilibrium criterion is generally
assumed to prevail for the binding and subsequent desorption
of low-molecular-weight compounds with RPC sorbents. Changes
in thermodynamic parameters due to solute association with the
immobilized ligands can then be described in terms of the
Gibbs-Helmholtz relationship:

When such conditions prevail, the interaction thermodynamics
of the solute molecules, surrounding bulk, structured solvent,
and solvated nonpolar surface of the sorbent are often assumed
to be invariant with regard toT. Hence, contributions of the
corresponding changes in enthalpy,∆Hassoc

o , and entropy,
∆Sassoc

o , to the change in the Gibbs free energy,∆Gassoc
o ,

associated with solute-sorbent interaction will also be inde-
pendent ofT. When such conditions are achieved, the depen-
dence of the logarithm of the retention factor, lnk′, on 1/T takes
the form of a linear van’t Hoff plot. The interaction of solutes
with the nonpolar surface of an RP-HPLC sorbent can then be
described by the following expression:

whereR is the gas constant andΦ is the phase ratio of the

TABLE 1: Retention Factor (k′) Values of the Nonpolar Solutes Measured with the Sil-ODA18 Sorbent and a Mobile Phase of
MeOH-H2O

temperature,T(K)

solutes 283 287 291 295 299 303 307 311 315 317

k′
cycloheptane 80% (v/v) MeOH 0.637 0.625 0.620 0.626 0.640 0.664 0.743 0.947 1.239 1.325
cyclooctane 80% (v/v) MeOH 0.839 0.824 0.818 0.825 0.845 0.881 0.993 1.281 1.697 1.876
cyclododecane 80% (v/v) MeOH 3.103 2.956 2.855 2.8022.860 2.936 3.309 4.352 5.896 6.244
n-heptane 80% (v/v) MeOH 0.898 0.865 0.840 0.826 0.832 0.852 0.938 1.174 1.485 1.575
n-decane 80% (v/v) MeOH 2.980 2.758 2.583 2.452 2.4162.444 2.651 3.323 4.241 4.448
n-undecane 80% (v/v) MeOH 4.607 4.183 3.848 3.591 3.4843.504 3.759 4.694 5.983 6.244
n-dodecane 80% (v/v) MeOH 7.344 6.528 5.867 5.354 5.093 5.0875.367 6.632 8.418 8.741
cycloheptane 60% (v/v) MeOH 4.324 4.101 3.962 3.810 3.711 3.6873.773 4.343 6.111 7.090
cyclooctane 60% (v/v) MeOH 8.226 7.783 7.390 7.058 6.866 6.8497.224 8.650 13.237 15.474
n-heptane 60% (v/v) MeOH 8.555 7.877 7.425 7.029 6.841 6.7286.956 7.787 10.511 11.850

∆Gassoc
o ) ∆Hassoc

o - T∆Sassoc
o (1)

ln k′ ) -∆Hassoc
o /RT+ ∆Sassoc

o /R + ln Φ (2)
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system. Provided the phase ratio and structural properties of
the solute and sorbent surface are invariant withT, the values
of ∆Hassoc

o and ∆Sassoc
o can be derived from eq 2 in the tradi-

tional manner by linear regression analysis of the lnk′ versus
1/T plots as the slope and intercept values, respectively. Al-
though linear van’t Hoff plots have been observed8,10,17for some
low-molecular-weight molecules in RPC, significant divergence
from linearity has been noted when nonpolar ligands immo-
bilized onto a stationary phase undergo a phase transition or
alternatively when the solutes themselves undergo a structural
change on binding. In particular, nonlinear behavior in the van’t
Hoff plots is often observed in RPC systems for peptides or
proteins.19,20,25-29 This behavior is usually attributed to changes
in the secondary or tertiary structure of these molecules, arising
from the perturbing effects of the aquo-organic solvent mobile
phase or from the interaction with the hydrocarbonaceous
sorbent.

To gain further insight into the basis of solute-nonpolar
ligand interactions with the Sil-ODA18 sorbent, various ther-
modynamic parameters associated with the test group of non-
polar solutes were determined on the basis of an approach20,26-28

recently introduced to evaluate physicochemical/biophysical
parameters of polypeptides and other hydrophobic molecules
from nonlinear van’t Hoff plots. Previously, the inability to
determine the phase ratio precisely has led to difficulties in
evaluating the corresponding thermodynamic values. Although
several approaches for the measurement ofΦ can be found26,27

in the literature, some disagreement still remains on the preferred
procedure. In this new approach, the contribution of the phase
ratio to the retention factor,k′, can also be accommodated,
providing greater precision in the determination of the changes
in the enthalpy, entropy, and heat capacity of the system.

In the bulk state, the standard heat capacity,Cp
o, of a sub-

stance is defined as the quantity of heat necessary to raise the
T value of a unit mass of the substance by one degree Kelvin.
In the case of RPC systems, three situations can be contemplated
for the interaction of solutes with the immobilized ligands,
whereby the change in heat capacity,∆Cp

o, of the system (i) is
zero and remains invariant with regard toT (i.e., an isothermic
scenario); (ii) is not zero but is linearly dependent onT (i.e., a
homothermic scenario); or (iii) is not zero and shows a nonlinear
dependence onT (i.e., a heterothermic scenario).19,20,26-31

According to the Kirchoff relationships,32,33 the change in the
heat capacity,∆Cp

o, for a solute-immobilized nonpolar ligand-
interactive system as a function ofT can be expressed in terms
of eq 3-7 as

where∂E represents the incremental difference in the internal
energy of the system. Thus,∆Cp

o is related to the change in the
standard enthalpy and the standard pressure-volume product
(∂PV),whereas the termµi takes into account contributions from
processes not defined by the Stefan-Boltzmann-Maxwell law.
If the interaction does not involve any effects other than standard

changes inP, V, andT, then eq 7 becomes

and hence

If the heat capacity of the system is increased under experimental
conditions wherebyP does not change significantly, then eq
10 can be simplified, and the specific heat capacity can be
redefined as follows:

Equations 3-11 provide a useful framework to assess the
interaction between solutes and immobilized nonpolar ligands,
enabling the relationship between lnk′, T, and the thermody-
namic parameters∆Hassoc

o , ∆Sassoc
o , and ∆Cp

o to be evaluated
for a defined solute, flow rate, and mobile-phase composition.
In the present studies with the Sil-ODA18 sorbent, these
relationships were validated for isocratic systems in the range
of T ) 278 to 343 K at a pressure of∼220-240 bar.

The dependence of the equilibrium association constant,Kassoc,
for the interaction of a solute with the immobilized nonpolar
ligands as a function ofT takes the form

where the Gibbs free energy change for the interaction,
∆Gassoc

o , is a function ofT only. By substituting and rearrang-
ing the relevant terms, the following thermodynamic depend-
encies can be derived:

where the equilibrium association constant,Kassoc, for the binding
of the solute to the immobilized nonpolar ligand is related to
the retention factor,k′, through the relationships

When both ∆Hassoc
o and ∆Sassoc

o are invariant withT (i.e.,
isothermic binding conditions prevail), linear van’t Hoff plots
are observed, and the following expression is obtained:

whereI ) -∆Sassoc
o /R + ln Φ. If the phase ratio is independent

of T, then the plot of lnk′ versus 1/T will be a straight line,
characteristic of linear van’t Hoff plots. Data derived from
several studies have demonstrated that changes inΦ at specified
solvent composition are usually small (i.e.,e(10%) over the
examinedT range whenn-alkylsilicas are used, suggesting that
the contribution of the lnΦ term to the lnk′ values will be
small and essentially constant.

When∆Hassoc
o and∆Sassoc

o are, however, dependent onT, the
plots of lnk′ versus 1/T do not follow linear dependencies. When
the T-dependent heat capacity condition prevails (i.e.,∆Cp

o *
0), then the dependence of lnk′ on T can be approximated by

∆Cp
o ) T ∂Sassoc

o /∂T (3)

∆Sassoc
o ) ∫ (∆Cp

o/T ) dT (4)

∆Cp
o ) ∂Hassoc

o /∂T (5)

∆Hassoc
o ) ∫ ∆Cp

o dT (6)

∆Cp
o
∂T ) ∂E + P ∂V - µi ∂µi (7)

∆Cp
o
∂T ) ∂E + P ∂V (8)

∆Cp
o
∂T ) ∂Hassoc

o - ∂(PV) + P ∂V (9)

∆Cp
o
∂T ) ∂Hassoc

o - V ∂P (10)

Cp
o ) (∂Hassoc

o /∂T)P (11)

Kassoc) e-∆Gassoc
o /RT (12)

∂ ln Kassoc) - 1/R[(T ∂Gassoc
o )/T 2] (13)

∂ ln Kassoc/∂T ) ∆Hassoc
o /RT2 (14)

ln Kassoc) ln k′ + ln Φ (15)

∂ ln k′/∂T ) ∆Hassoc
o /RT2 (16)

ln k′ ) -∆Hassoc
o /RT+ I (17)
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the polynomial expression

and thus

When such homothermic and heterothermic scenarios prevail,
the change in enthalpy can thus be represented by

whereas the change in heat capacity can be represented by

wherem ) 2Rc andn ) 6Rd, etc.
Since the slope of the plot of lnk′ versus 1/T at anyT value

will be proportional to the∆Hassoc
o value at thatT value,34 the

value of ∆Hassoc
o can reach zero at a unique lnk′ value

specified by the temperature,TH. In such circumstances and
when∆Cp

o is constant, the dependence of∆Hassoc
o and∆Sassoc

o

can be expressed in terms of∆Cp
o as

whereT*H and T*S refer to the isoenthalpic and isoentropic
temperatures at which the plots of∆Hassoc

o versus T and
∆Sassoc

o versusT, respectively, for the solute(s) intercept and
attain a common value of∆Hassoc

* and ∆Sassoc
* under the

different experimental conditions. When such solute-immobi-
lized nonpolar ligand binding processes occur, the dependence
of ln k′ on T can be approximated35 by

Thus, derivation of the values of∆Hassoc
o , ∆Sassoc

o , and ∆Cp
o

using nonlinear least-squares regression methods and associated
curve-fitting procedures with the Hephaestus and Eudoxos
software packages27,28 can provide significant information on
whether the retention behavior is characterized by homothermic
and heterothermic interaction processes. This method has
recently been validated19,25-30 with peptides and proteins in both
reversed-phase and hydrophobic interaction high-performance
liquid chromatography. Moreover, these studies have indicated
that the partial molar volumes,υp, of peptides and proteins vary
only to a very small extent (i.e.,< 5%) in the pressure range
of ∼220-250 bar, and even smaller changes inυp were
predicted to occur for small organic molecules such as the test
set ofn-alkanes and cycloalkanes, under the operational range
of these experiments. We have now applied this approach to
evaluate the interaction thermodynamics of the test set of
n-alkanes and cycloalkanes with the Sil-ODA18 sorbent and have
compared these results to the data obtained with a conventional
n-alkylsilica sorbent.

The lnk′ versus 1/T plots for cycloheptane, heptane, decane,
cyclododecane, and dodecane (Figure 5a) represent typical
examples of the van’t Hoff dependencies of these nonpolar
solutes where the Sil-ODA18 sorbent predominantly exhibits a
single state. The corresponding values of∆Hassoc

o , ∆Sassoc
o , and

∆Cp
o determined for cycloheptane, heptane, decane, cyclodo-

decane, and dodecane from these plots (Figure 5b-d) over the
T range from 283 to 317 K are provided in Table 2. As is
apparent from these results, the∆Hassoc

o values for cyclohep-
tane, heptane, decane, cyclododecane, and dodecane in 80%
(v/v) methanol/water were exothermic at lowT values but

Figure 5. Typical van’t Hoff plots illustrating the dependence of lnk′ on 1/T, derived for several solutes with the Sil-ODA18 sorbent from the
retention data given in Table 1. In panel (a) are shown the lnk′ versus 1/T plots for heptane, cycloheptane, decane, dodecane, and cyclododecane
in 80% (v/v) methanol/water and heptane in 60% (v/v) methanol/water. In panels (b), (c), and (d) are shown, respectively, the dependencies of
∆H assoc

o , ∆Sassoc
o , and∆Cp

o on T(K) based on the data shown in Tables 1 and 2.

ln k′ ) a + b(1/T ) + c(1/T )2 +
d(1/T )3 + ‚ ‚ ‚ + ln φ (18)

∂ ln k′/∂T
) [∂ ln k′/∂(1/T )][∂(1/T)/∂T] (19)

) -(1/T )2[b + 2c(1/T) + 3d(1/T)2 + ‚ ‚ ‚] (20)

∆Hassoc
o ) -R[b + 2c(1/T ) + 3d(1/T )2 + ‚ ‚ ‚] (21)

∆Cp
o ) ∂∆Hassoc

o /∂T (22)

) m/(T )2 + n/(T )3 + ‚ ‚ ‚ (23)

∆Hassoc
o ) ∆Hassoc

* + ∆Cp
o(T - T*H ) (24)

∆Sassoc
o ) ∆Sassoc

* + ∆Cp
o ln(T/T*S) (25)

ln k′ ) ∆Cp
o/R[TH/T - ln (TS/T) - 1] + ln Φ (26)
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became endothermic at the higherT values (Figure 5b).
Concomitantly, the∆Sassoc

o values became progressively larger
and more positive (Figure 5c), whereas the∆Cp

o values for all
of these solutes became smaller (Figure 5d).

Origin of the k′-Value Increases of the Nonpolar Solutes
on the Sil-ODA18 Sorbent. Participation of the “hydrophobic
effect” is usually associated withT-dependent solvational
phenomena when a nonpolar solute is transferred into water,
revealing a minimum in solubility for hydrocarbons in water at
or near roomT (i.e., near 298 K).32,36-40 A minimum in the
solubility of a nonpolar solute often corresponds to a maximal
retention in RPC.11 ThisT dependence arises from the ordering
of water molecules around the small nonpolar solutes. The extent
of this solvation is often used as a measure of the “hydrophobic-
ity” of the solutes. The ordering of water molecules around small
nonpolar solutes is most effective at 298 K and decreases asT
is increased. At 298 K, the hydrophobic effect is entropically
driven, whereas at highT (e.g., T ) 415 K), it becomes
enthalpically controlled.32 This narcissian “disaffinity” or
repugnance of nonpolar solutes for cold water (at roomT or
below) is due to the nature of the ordering of the neighboring
water molecules (i.e., entropic effects), whereas the disaffinity
for hot water is largely due to the breaking of hydrogen bonds
among the neighboring water molecules (i.e., enthalpic effects).39

Since small nonpolar solutes are strongly expelled from water
at roomT onto nonpolar surfaces, maximum chromatographic
retention should be observed at or near thisT value. Cole et
al.11 observed a maximumk′ value at 293 K for benzene with
n-octadecylsilica sorbents when 95% water/1-propanol mixtures
were used as the eluent. However, as evident from Figure 3
with the Sil-ODA18 sorbent, the maximum retention of several
n-alkanes, cycloalkanes, and polycyclic hydrocarbons occurred
nearT ) 318 K, with the shape of thek′ versusT dependence
distinctly different between the Sil-ODA18 andn-octadecylsilica
sorbent. This pattern ofk′-T dependencies with the Sil-ODA18

phase arises from the stationary-phase contribution as the phase
undergoes a transition from the crystalline to the noncrystalline
state. We also observed that this retention maximum gradually
moved to higherT values as the percentage of water was
increased (i.e., with increasing polarity of the solvent, the phase-

transitionT value shifted to higher values, as evident also from
the DSC measurements; cf. Figures 3a and 2). Thus, the
operational range of the crystalline state of the Sil-ODA18 phase
increased with mobile phases of higher water content. This
finding indicates that the Sil-ODA18 phase becomes more
ordered as the mobile-phase polarity is increased.

Statistical mechanical modeling of then-alkyl-based RPC
sorbents has shown that the insertion of nonpolar solutes into
an already constrainedn-alkyl chain can cause the solute-ligand
complex to become more ordered, resulting in an entropically
driven effect that opposes further solute insertion,41 whereas a
hydrophobic entropic effect (associated with the ordering of
water molecules around the nonpolar solutes) opposes solute
insertion into water. In accordance with these observations, the
nonpolar solutes with the Sil-ODA18 sorbent followed nearly
linear dependencies of∆Hassoc

o and∆Sassoc
o on T (Figure 5b and

c). At low T values,∆Hassoc
o was<0 (i.e., the binding process

was exothermic) for the Sil-ODA18 phase in the crystalline state
but became positive as the phase underwent a transition to the
noncrystalline state (Table 2).

These findings support the conclusion that the retention of
nonpolar solutes is an energetically more favorable process when
the Sil-ODA18 sorbent is in the crystalline rather than the
noncrystalline state. The∆Sassoc

o values for these solutes were
negative in the range ofT values corresponding to the Sil-ODA18

sorbent in the crystalline state but became positive with
increasingT (Figure 5c and Table 2). The reverse situation was
observed with the conventionaln-octadecylsilica sorbent. With
conventional C18 silica sorbents of different ligand densities,
Cole et al.11 have also observed positive∆Sassoc

o values for the
interaction of nonpolar solutes such as benzene at or below room
T (i.e., 298 K or below) using 95% (v/v) water/1-propanol as
the mobile phase, whereas∆Sassoc

o became negative at higherT
values. Positive values of∆Sassoc

o indicate a decrease in the
order of the system for the transfer of a nonpolar solute from a
polar mobile phase to the nonpolar C18 sorbent. However, when
nonpolar solute transfers back to the bulk liquid state of the
mobile phase, the entropy changes at 298 K are negative but
become positive with increasingT. A decrease in entropy at

TABLE 2: Thermodynamic Parameters Derived for the Various Nonpolar Solutes Measured with the Si-ODA18 Sorbent over
the Temperature Range of 283-317 K

temperature,T(K)

solutes 283 287 291 295 299 303 307 311 315 317

∆Hassoc
o -19.9 -10.9 -2.1 6.5 14.8 22.9 30.7 38.4 45.9 49.6

cycloheptane 80% (v/v) MeOH ∆Sassoc
o -73.6 -41.9 -11.6 17.6 45.5 72.4 98.2 123.1 147.0 158.6

∆Cp
o 2.3 2.2 2.2 2.1 2.1 2.0 1.9 1.9 1.8 1.8

∆Hassoc
o -27.7 -16.8 -6.2 4.1 14.1 23.9 33.4 42.6 51.7 56.1

cyclododecane 80% (v/v) MeOH ∆Sassoc
o -88.0 -49.8 -13.2 22.0 55.7 88.1 119.3 149.3 178.1 192.1

∆Cp
o 2.8 2.7 2.6 2.5 2.5 2.4 2.3 2.3 2.2 2.2

∆Hassoc
o -22.9 -14.0 -5.4 3.0 11.1 19.1 26.8 34.4 41.7 45.3

n-heptane 80% (v/v) MeOH ∆Sassoc
o -81.3 -50.2 -20.4 8.2 35.6 62.0 87.4 111.8 135.2 146.6

∆Cp
o 2.2 2.2 2.1 2.1 2.0 2.0 1.9 1.9 1.8 1.8

∆Hassoc
o -32.2 -22.7 -13.5 -4.5 4.2 12.7 21.0 29.0 36.9 40.8

n-heptane 60% (v/v) MeOH ∆Sassoc
o -95.3 -62.1 -30.2 0.4 29.8 58.0 85.1 111.2 136.3 148.5

∆Cp
o 2.4 2.3 2.3 2.2 2.2 2.1 2.0 2.0 1.9 1.9

∆Hassoc
o -31.2 -21.1 -11.2 -1.7 7.7 16.7 25.6 34.2 42.6 46.7

n-decane 80% (v/v) MeOH ∆Sassoc
o -100.7 -65.2 -31.2 1.5 32.9 63.0 92.0 119.8 146.6 159.7

∆Cp
o 2.6 2.5 2.4 2.4 2.3 2.2 2.2 2.1 2.1 2.0

∆Hassoc
o -39.7 -28.7 -17.9 -7.5 2.6 12.5 22.1 31.5 40.7 45.1

n-dodecane 80% (v/v) MeOH ∆Sassoc
o -123.1 -84.4 -47.4 -11.8 22.4 55.2 86.7 117.0 146.2 160.4

∆Cp
o 2.8 2.7 2.6 2.6 2.5 2.4 2.4 2.3 2.3 2.2
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298 K for the transfer of a nonpolar solute from a less polar to
a more polar liquid is one of the signatures of the hydrophobic
effect.32,37-40 Since the opposite process is evaluated in chro-
matographic systems, Cole et al.11 concluded that the positive
∆Sassoc

o value for benzene at 298 K and a decrease in the
magnitude of∆Sassoc

o asT was increased were evidence of the
participation of the hydrophobic effect. Additionally, Cole et
al.8 found that the change in entropy at any givenT for nonpolar
solutes was greater with low-density C18 sorbents than with high-
density C18 sorbents with such mobile-phase systems. This
finding indicates that a greater repulsion occurred from the
higher-density C18 sorbent than from the lower-density C18

sorbent, consistent with the interphase theory of retention
predicted by Dill.4,5,41 Negative ∆Sassoc

o values for nonpolar
solutes withn-C18 silica sorbents were also obtained11 when
acetonitrile/water was used as the mobile phase, with the change
in entropy becoming more positive as the stationary-phase
bonding density was increased, a finding in conflict with the
interphase theory of retention.

A decrease in entropy for solutes in RPC has been used as
evidence of the interphase nature of nonpolar stationary phases,
demonstrating the difference between a partially ordered inter-
phase and a bulk system. The transfer of solutes into the grafted
chains of ann-alkylsilica in fact depends on the entropy of
mixing, the configuration of the chains, and the interaction of
solutes with the chains.41 Therefore, to probe the sign as well
as magnitude (i.e., decrease or increase) of the∆Sassoc

o values
with the Sil-ODA18 sorbent system, attention was given to the
nature of the ordering of the stationary phase. In the chromato-
graphic context of solute-ligand association, a decrease or
increase in entropy is a relative concept. The evaluation of the
contribution of entropy to the association thermodynamics of
nonpolar solutes with the Sil-ODA18 sorbent was thus considered
from the perspective of two relative aspects, namely, solute
exclusion at higherT values and chain ordering. The observed
negative ∆Sassoc

o values at low T values for the various
hydrocarbons used in the current studies with the Sil-ODA18

sorbent reflect an increase in the order of the system when these
solutes are transferred from the polar (methanol/water) environ-
ment to the nonpolar environment of the Sil-ODA18 phase in
the crystalline state.

DeVido and co-workers17 have recently envisioned a possible
partition mechanism for solutes at high and lowT into a grafted
n-alkyl chain sorbent system, which is pertinent to high-density
C18 stationary phases. According to this model, at lowT, the
solute partitions closer to the grafted end of then-alkyl chain,
with the partition process favored by the changes in enthalpy
but opposed by the entropy changes. However, at highT values,
the solutes are squeezed from the stationary-phase surface
toward the chain ends with the entropy effects progressively
becoming dominant over the enthalpy effects. Partitioning of
the nonpolar solutes into the Sil-ODA18 phase between 291 to
318 K can thus be envisioned to occur in a similar way (i.e.,
the entropic contributions become significant asT increases),
whereas enthalpic effects will dominate over entropic effects
at T values below 291 K. At lowT values, the nonpolar solutes
will have tight contact with chains because of the favorable
enthalpy change (negative∆Hassoc

o ), but this tight contact will
be opposed by the entropy change associated with the chain
ordering. Penetration of the solutes into the chains of the Sil-
ODA18 phase in the crystalline state (i.e., below 291 K) will
thus be an entropically less-favorable process. The negative
values of ∆Sassoc

o thus indicate an entropic repulsion of the

solutes on their attempted penetration into the Sil-ODA18 phase
in the crystalline state.

However, at highT values, these nonpolar solutes will
progressively have less-tight solute contacts with the nonpolar
ligands and a less-favorable enthalpy change (positive
∆Hassoc

o ), but this process will at the same time be less opposed
by the entropy change (positive∆Sassoc

o ). Therefore, the reten-
tion of these nonpolar solutes in the crystalline state of the Sil-
ODA18 sorbent is largely enthalpically driven, whereas in the
noncrystalline state, the dominant driving force arises mainly
from the changes in entropy. Within the regions of retention
behavior where a single mechanism prevails, enthalpy-entropy
compensation effects can, however, arise, as illustrated by the
plot of ∆Sassoc

o versus ∆Hassoc
o for cycloheptane, heptane,

decane, cyclododecane, and dodecane in the presence of the
Sil-ODA18 sorbent in the crystalline state (Figure 6), with the
compensation temperatures for these analytes calculated to be
around T ) 300 K. Compared to those of traditional RPC
systems, these compensation temperature values are smaller,
falling below the range of 500-1500 K calculated for many
n-alkylsilica systems.

The Sil-ODA18 sorbent thus provides a useful system from
to gain further understanding of the origins of enthalpy-entropy
compensation effects in RPC, with the results obtained with
this sorbent consistent with the interphase theory of retention
and with solute retention in the Sil-ODA18 phase in the
crystalline state depending upon how effectively the solutes are
incorporated onto the ordered ligand structure. Enthalpy-
entropy compensation represents an extrathermodynamic rela-
tionship that is typical for molecular interactions comprising
multiple, weak intermolecular forces, whereby a linear depen-
dence of∆Hassoc

o on ∆Sassoc
o is observed following a change in

an experimental variable such asT. These dependencies clearly
demonstrate how the retention of solutes on the Sil-ODA18 phase
shifts from an enthalpy-driven to an entropy-driven retention
process as the phase undergoes a transition from the crystalline
to the noncrystalline state. The compensation temperatures,
namely,TH (where∆Hassoc

o ) 0) andTS (where∆Sassoc
o ) 0),

thus define these processes, irrespective of whether the interac-
tion is driven by changes in enthalpy, entropy, or both. As
depicted in Figure 6 in region AS, ∆Hassoc

o > 0 (destabilizing
with respect of the analyte-nonpolar ligand interaction) and
T∆Sassoc

o > 0 (stabilizing with respect of the analyte-nonpolar

Figure 6. Entropy-enthalpy compensation relationship between
∆Sassoc

o and∆H assoc
o based on the experimental data given in Table 2

for heptane, cycloheptane, decane, dodecane, and cyclododecane in 80%
(v/v) methanol/water and heptane in 60% (v/v) methanol/water. The
solid lines correspond to the first-order fit of the data with the dotted
lines corresponding to the 95% confidence limits.
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ligand interaction); in region BHS, ∆Hassoc
o < 0 andT∆Sassoc

o >
0 (both stabilizing with respect of the analyte-nonpolar ligand
interaction); and in region CH, ∆Hassoc

o < 0 (stabilizing with
respect of the analyte-nonpolar ligand interaction) and∆Sassoc

o

< 0 (destabilizing with respect of the analyte-nonpolar ligand
interaction). An alternative graphical representation that is useful
for the determination of the transition points in the dependence
of k′ on T is shown in Figure 4 since a change in slope of the
k′ versusT plots directly equates with a change in the sign of
the enthalpy. Because of the well-known difficulty in the deter-
mination of the pre- and post-transitional baseline in DSC, the
exact measurement ofTC is somewhat arbitrary with binary
ligand-solvent systems (cf. Figure 2). Since the contribution
of the interacting solute cannot be directly measured in the ter-
nary ligand-solvent-solute system by DSC procedures, regard-
less of whether the compensation temperaturesTH andTS are
derived from the relationships implicit to the data shown in
Figures 4 and 6, by the very nature of the DSC investigations,
TH and TS cannot be directly correlated to the compensation
pointsTC1.

As apparent from the results shown in Figure 5d, the changes
in heat capacity,∆Cp

o
, of the system were not zero but were

linearly dependent onT. This behavior corresponds to the
homothermic scenario of the solute-stationary binding process.
One of the most distinctive thermodynamic signatures associated
with the burial of hydrophobic solutes in a nonpolar ligand
environment is a large and negative∆Cp

o value.42-46 The nega-
tive heat capacity arises from the dehydration of the solute upon
insertion into the nonpolar environment. This is also known as
the cause of the hydrophobic effect.42,45The question thus arises,
What significance can be ascribed to the sign of∆Cp

o in RPC
systems? Negative∆Cp

o values are expected only for analytes
in a highly aqueous phase system when the hydrophobic effect
dominates the retention process and sufficient dehydration
occurs upon burial of the analyte in the nonpolar core. In other
words, the magnitude of the negative∆Cp

o should be related to
the extent of burial in the nonpolar sorbent. De Vido et al.17

obtained∆Cp
o ) -182.4 (J mol-1 K-1) for the transfer of arg-

inine from water into a low-bonding-density C18 sorbent (2.41
µmol-2) at 296 K, whereas with a high-bonding-density C18

sorbent (4.3µmol-2), ∆Cp
o ) 0 (J mol-1 K-1).17 The results of

this investigator are in agreement with our prediction that less
burial of this amino acid into this high-bonding-density C18

sorbent can be expected. A second question also arises, What
is the origin of positive∆Cp

o values observed in our present
investigation? Cole and co-workers11 have noted that solvo-
phobic theory may be a reasonable explanation for a hydrogen-
bonded or highly aqueous mobile phase, but solvophobic theory
is not an adequate explanation for the retention behavior of other
mobile-phase systems. According to Cole et al.,11 solvophobic
theory is less applicable to RPC retention processes with 80%
methanol/water mobile-phase systems, with the retention be-
havior following more closely a partition processes and the heat
capacity changes for nonpolar solutes becoming positive upon
reduction of the hydrophobic driving force with such mobile-
phase systems. Thus, the conclusion can be drawn that the posi-
tive ∆Cp

o values observed for then-alkanes and cycloalkanes
at low T values using 80% methanol/water with Sil-ODA18

sorbent arise from an unfavorable partitioning process and a
weak hydrophobic driving force. In our associated studies, the
nature of the temperature dependence of the interaction ther-
modynamics of small peptides in RPC environments using Sil-
ODA18 sorbents has been examined for a wide range of solvent

systems (i.e., from aqueous to highly organic mobile-phase
systems). These investigations (Chowdhury, M. A. J.; Hearn,
M. T. W. Unpublished observations, 2001) have revealed that
the sign and the magnitudes of∆Sassoc

o , ∆Hassoc
o , or ∆Cp

o under
different chromatographic conditions depend on the nature of
the stationary-phase structure, the nature of the water structure
in the mobile phase, and the magnitude of the unfolding state
of the peptides.

A further effect (i.e., liquid crystallinity) determines the extent
of solute penetration into the Sil-ODA18 sorbent. The extent of
liquid crystallinity of this sorbent increased with increasingT
between 291 and 317 K in 80% (v/v) methanol/water and hence
the extent of solute partitioning. WhenT reaches the isotropic
value (i.e., above∼317 K), enthalpy-entropy compensation
continues but becomes associated with decreases in retention
and a simultaneous diminution of the influence of the hydro-
phobic effect asT increases further. Therefore, the decrease in
retention of these nonpolar solutes with the sorbent in the
isotropic state can be interpreted as being due to a weakened
hydrophobic effect as well as the participation of an unfavorable
partitioning process. Some crossover phenomena were observed
in the plots of∆Hassoc

o or ∆Sassoc
o versusT (Figure 5b and c) of

these nonpolar solutes, indicating that enthalpic and entropic
contributions to the binding process depend on the physical state
of the Sil-ODA18 phase as well as the molecular nature of the
solutes themselves. Collectively, these observations confirm that
a highly ordered structure is formed for the Sil-ODA18 sorbent
in the crystalline state, with the adsorption of solutes onto the
crystalline state and partitioning into the noncrystalline state
the dominant retention mechanism.

In the case of conventionaln-alkylsilicas, solute adsorption
has been proposed to be the dominant mechanism of the
retention of nonpolar solutes with shortn-alkyl chain phases,
whereas partitioning events have been proposed to occur for
longer n-alkyl chain phases (i.e., C8 or longer).16 Analyte
partitioning into the network of bondedn-alkyl chains, as
encountered in conventional C18 chromatographic sorbents,
initially increases with increasing surface coverage until the
phase density reaches a value where lateral interactions of
neighboring CH2 groups give rise ton-alkyl chain ordering.5,6

At higher n-alkyl densities, smaller amounts of solutes can
partition into the phase because of increasing entropic expulsion
of solutes by the graftedn-alkyl chains. The chain segment
nearest to the support surface is more highly ordered with rapidly
increasing disorder toward the chain ends. Hence, solutes will
distribute near the chain ends. The retention behavior of the
nonpolar solutes with the Sil-ODA18 phase between 291 and
317 K thus appears to be similar to the partitioning effects noted
with very high density C18 stationary phases. In contrast, the
retention processes of the nonpolar solutes with the Sil-ODA18

sorbent atT < 291 K are similar to those manifested by short
chainn-alkyl phases (i.e., withn-alkyl chain lengths less than
C8). The major difference between the Sil-ODA18 phase and
conventionaln-alkyl bonded phases is that the ordering of the
Sil-ODA18 phase occurs spontaneously, whereas it depends on
the bonding chemistry, ligand density,n-alkyl chain length, and
choice of mobile-phase conditions for the conventionally bonded
n-alkylsilica RPC phases.

The shape selectivity of the Sil-ODA18 phase toward the
polycyclic aromatic hydrocarbons (PAHs) was observed to
change on transition of the phase from the crystalline to the
isotropic state, particularly atT > 293 K,47,48 but the changes
were relatively small atT < 303 K. For example, the isomeric
naphthacene, perylene, and benzo(e)pyrene was observed to
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elute in the order of naphthacene> perylene> benzo(e)pyrene
at T ) 293 K, but the elution order gradually changed with the
further increase ofT, and they eluted in the order of perylene
> benzo(e)pyrene> naphthacene atT > 303 K.48 The small
structural changes in the structure of the Sil-ODA18 phase that
occurred betweenT ) 293-303 K were undetectable in the
DSC measurement. Furthermore, theT value at which thek′
values increased was also observed to be dependent upon the
shape and size of PAHs. It was often claimed that theπ-π
interaction between solutes and carbonyl groups of octadecyl-
acryl groups of Sil-ODA18 side chains contributed to the
selectivity enhancement.18,49However, the contribution ofπ-π
interaction to the selectivity enhancement of these analytes could
not be separated from other effects in these previous investiga-
tions. In the present study, the use of saturated hydrocarbons
showed that the differences inT values at which thek′ values
increased for the PAHs was not solely related toπ-π
interactions but were dependent on the shape and size of the
molecules since these parameters relate to analyte accommoda-
tion into the sorbent structure. Moreover, the thermodynamic
data obtained for the alkanes and cycloalkanes confirmed that
Sil-ODA18 formed an ordered crystalline structure atT < 291
K in an 80% methanol/water solvent system, with some
structural changes occurring between 291 and 303 K.

A previous preliminary study suggested47 that thek′ increases
with T for nonpolar solutes with the Sil-ODA18 sorbent were
related to the contact volumes of the solutes. The present
investigations greatly extend these observations on the effect
of shape selectivity, indicating that planar and slender solutes
are more effectively incorporated into ordered structures of the
Sil-ODA18 sorbent than into nonplanar or square-shaped solutes.
To our knowledge, there is no ab initio theoretical background
to accommodate or predict this kind of dependence with comb-
shaped ligand sorbent systems (i.e., the relationship between
contact volume and retention for anisotropic and isotropic
phases). To interpret the findings from the current investigations,
we have adapted the molecular theory of chromatography for
blocklike solutes (PAHs) in anisotropic and isotropic phases
developed by Yan and Martire.50-52 When an isotropic stationary
phase is replaced by an anisotropic one, enhancement of the
shape selectivity experienced by isomeric solutes can arise from
the differences inAmin (minimum area) andAsur (total surface
area). When nonpolar solutes are enclosed in a box of dimen-
sionsa × b × c (such thata < b < c), thenAmin ) ab andAsur

) 2(ab + ac + bc). The contact area of a solute with an
anisotropic stationary phase,Acont,aniso) 2(ac + bc), is much
smaller than that with an isotropic phase,Acont,iso) 2(ab + ac
+ bc). The application of the adsorption and partition retention
models to the retention data of the test solutes with the Sil-
ODA18 sorbent in the crystalline and the noncrystalline phase
states leads to the conclusion that thek′ value increases can be
accommodated by this adaptation of the Yan-Martire theory.
In particular, the retention data shown in Table 1 and Figure 4
indicate that thek′ values start to increase in value between
291 and 307 K. As the solute-stationary-phase interaction
progresses from a dominant adsorption to a dominant partition
mechanism on transition of the phase from the crystalline to
noncrystalline state, the contact areas of the solutes gradually
increase, and hence they show largerk′ values.

Why do thek′ values of the nonpolar solutes change in a
curvilinear manner asT is varied? As apparent from the DSC
results, changes in the phase organization of Sil-ODA18 sorbent
between 291 and 303 K were usually small for most mobile-
phase combinations. In fact, large changes occurred only atT

values above 303 K when 80% (v/v) methanol/water was used
as the eluent. As discussed above, the extent of partitioning of
nonpolar solutes into such mixed-phase systems depends on how
much of the phase has transformed to the liquid-crystalline state.
When the Sil-ODA18 phase is in this liquid-crystalline state,
the nonpolar solutes can be only partially embedded, with some
portion of the solutes remaining in contact with the solvent.
Therefore, the ratio of the contact area of the solute in
association with the stationary phase to the mobile phase
determines whether a nonpolar solute will show ak′ increase
(i.e., the higher the value of this ratio, the greater the possibility
for an increase ink′ values). This ratio is expected to be higher
for small solutes than for larger ones because the penetration is
more limited in the latter situation. Hence, theT value will be
lower and thek′ values will increase in value more for
cycloheptane or cyclooctane than for cyclododecane. Similarly,
the T dependence at which thek′ values for the open-chain
n-alkanes increased followed the order of heptane< decane or
undecane< dodecane. Because of their flexibility and slender-
ness, then-alkanes are expected to be able to penetrate more
deeply into the phase than the cycloalkanes and thus show
relatively smallerk′ increases at lowerT values than the
cycloalkanes. As solute penetration is limited atT values below
303 K, cycloalkanes will be accommodated more readily than
n-alkanes. The contact ratio of solutes embedded in the
stationary phase is expected to be higher for cycloalkanes than
for n-alkanes. Hence, cycloalkanes show largerk′ increases at
relatively low T values.

TheT-dependent observations shown in Figure 4 and Table
1 can be described in terms of the “k′-jump” effect, which can
be evaluated from the corresponding plots of ln [(k′303f318 K)/
k′303 K] versus the carbon number of solute homologues such
as then-alkanes and cycloalkanes. These plots confirm that the
k′-jump transition is dependent upon the shape and size of the
nonpolar solutes (Figure 7). Thek′-jump effect increased with

Figure 7. Plots illustrating the relationship between ln[(k′303 Kf318 K)/
k′303 K] and the carbon number,Ncarbon, of different cycloalkanes and
n-alkanes, showing that thek′-jump effect is related to the shape and
size of solute molecules. Regression analyses are shown as the dotted
lines for the fit of ln[(k′303 Kf318 K)/k′303 K] versusNcarbonto a quadratic
function, with r2 ) 0.9965 andr2 ) 0.9915 for the cycloalkanes and
n-alkanes, respectively. The experimental conditions were as follows:
sorbent, Sil-ODA18; mobile phase, methanol/water (75:25 v/v); and flow
rate, 1 mL min-1. Other conditions are given in the Materials and
Method section. The solid lines correspond to the first-order fit of the
data with the dotted lines corresponding to the 95% confidence limits.
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the increasing size of the solutes. Above a certain size, however,
thek′-jump value for the cycloalkanes gradually decreased with
further increases in the size of solutes. As discussed above, on
one hand, partitioning of the nonpolar solute can increase as
the phase undergoes a transition from the crystalline to the
noncrystalline state, whereas on the other hand, the nonpolar
solutes are squeezed out of the phase by the increasingT. In
such systems, deep penetration by the nonpolar solute into the
phase will be a relatively more favorable process for small
solutes than for large solutes, whereas large solutes will tend
to be more readily squeezed out at higherT than the small
solutes. Because of these penetration and squeezing effects, the
relatively large and rigid nonplanar solutes such astrans-
androsterone (C19H30O2) or cholesterol (C27H46O) did not exhibit
the characteristicT dependence of liquid-crystalline phases (i.e.,
a k′ increase near the phase transition was not observed
(Chowdhury, M. A. J.; Ihara, H.; Hearn, M. T. W. Unpublished
data).

As a general observation, thek′ values of the linearn-alkanes
were higher on the Sil-ODA18 sorbent at crystallineT values.
How can higherk′-jump values then be accommodated for
cycloalkanes other than then-alkanes? As these solutes are
retained by the Sil-ODA18 sorbent at the crystallineT values
by the adsorption mechanism, solute-stationary-phase contact
areas appear to correlate with the planarity of solutes. Open-
chain n-alkanes are more planar than cycloalkanes. Hence,
n-alkanes will have larger contact areas (e.g., proportional to
2(ab + bc)) than cycloalkanes when the Sil-ODA18 sorbent is
in the crystalline state. However, cycloalkanes will have greater
contact areas (e.g., proportional to 2(ab + bc + ca)) than
n-alkanes when the Sil-ODA18 sorbent is in the liquid-crystalline
state. Because of the penetration and squeezing effects described
above, cyclic molecules are furthermore expected to be accom-
modated more efficiently by the Sil-ODA18 sorbent in the liquid-
crystalline state thann-alkanes. Cycloalkanes will thus have
higherk′-jump values. Crossover phenomena betweenn-alkanes
and cycloalkanes in the noncrystalline region also arise from
this effect (Figure 4).

As part of their study on the effect of stationary-phase
contributions to retention, Vailaya and Horvath10 considered that
changes in the stationary-phase configuration upon varying the
mobile-phase composition did not significantly affect the
retention behavior. This might be true for some RPC stationary
phases such as low-densityn-octadecylsilica. However, we
believe that this attribute depends on the type of stationary phase.
For example, dibenz(a,h)anthracene and indeno(1,2,3-cd)pyrene
could not be separated53 on Vydac 201TP with 90% (v/v)
methanol/water, whereas these compounds were resolved with
neat methanol. In light of the present investigation, such
phenomenological observations can be explained in terms of
phase reorganization and the partition mechanism, which
predicts that the plots of lnk′ versus mole fraction of organic
modifier (i.e., ln k′ versusψ) for these two compounds will
have different slopes. Vailaya and Horvath10 have further
concluded that the extent of solute retention in RPC is governed
by the magnitude of the contact area upon binding, which is
not affected much by the stationary-phase organization. As
apparent from the current investigations, the magnitude of the
contact area of a solute in association with the immobilized
ligands clearly depends on the stationary-phase organization of
the Sil-ODA18 sorbent and reflects the extent of partitioning
that the solutes can undergo with the Sil-ODA18 stationary phase
in the crystalline and noncrystalline states. This conclusion is
consistent with the observation53 that benzo(ghi)perylene, diben-

z(a,h)-anthracene, and indeno(1,2,3-cd)pyrene could not be
separated with a monomeric C18 phase but can be resolved with
the Sil-ODA18 sorbent at the isotropicT value. An analogous
increase in the retention of peptides has been observed in
associated investigations with Sil-ODA18 sorbents but not with
n-octadecyl-silicas atT values above 328 K (Chowdhury, M.
A. J.; Hearn, M. T. W. Unpublished observations, 2001). The
retention characteristics of peptides separated on the Sil-ODA18

sorbent in the isotropic state will be reported in a subsequent
publication.

Comparison of the Effect of Phase Organization of
Bondedn-Alkylsilica and Sil-ODA 18 Sorbents on the Reten-
tion Behavior of Nonpolar Solutes.Lochmüller and Wilder
have proposed54 a liquid-droplet model for the bondedn-alkyl
chains of conventional RPC sorbents. In this model, then-alkyl
chains collapse and form patches ofn-alkyl droplets that permit
3D interactions with the solute molecules. Consistent with this
proposal, Wong and co-workers observed55 by fluorescence
lifetime measurements a collapse of the bondedn-alkyl chains
upon their exposure to highly aqueous solvents. Similarly, for
n-alkylsilicas, Yarovsky et al.56,57as well as Klatte and Beck58,59

have shown by molecular dynamics simulation procedures that
the n-alkyl chains are largely collapsed on the silica surface
because of self-interaction when a solvent of low elutopicity
(high water content) is employed or when the morphology of
the stationary phase surface was “rough” on a several-angstroms
scale. However,n-alkyl chain extension is expected to occur at
high acetonitrile or methanol concentrations. This conclusion
is in accord with the observations of Karch et al.60 whereby the
bonded n-alkyl chains were pictured to adopt a bristlelike
structure that extended vertically from the silica surface. Such
conclusions are also in agreement with the findings of Sander
et al.,61 who found in their IR measurements that a substantial
increase in the order ofn-alkyl chains occurred on the addition
of an eluent containing a high volume fraction of methanol both
at room and lowerT values. Moreover,13C MAS NMR
spectroscopic studies, compared to data obtained by the
conventional solid-state NMR methods, with a C30-silica sorbent
have revealed that the intensity of gauche signals increased in
the presence of methanol or acetonitrile.62,63This behavior arises
because the mobility of then-alkyl chains increases in such
solvents. Alignment of then-alkyl chains was also dramatically
altered in the presence of a strong solvent such as methyl-tert-
butyl ether, where gauche signals predominated. Zeigler and
Maceil have extensively studied the effects of solvent polarity
on the mobility ofn-alkyl chains by NMR techniques,64,65with
the addition of polar solvents increasing the mobility of the
n-alkyl chains. In the case of highly loaded phases,n-alkyl chain
motion increased with eluents of increasing acetonitrile content,
whereas the addition of water induced the C18 chains to clump
together in a separate phase, perhaps in a haystack configuration.

With regard to the ligand flexibility and geometrical form of
the Sil-ODAn sorbents, three important factors need to be
considered to described the selectivity enhancement in com-
parison to the more conventionaln-alkyl bonded phases, and
these are ordering, rigidity, and mobility of the stationary phases.
Zigzag, planar, or all-trans conformations are known to pre-
dominate for the crystalline state ofn-octadecane as revealed
by spectral assignments61 or based on the calculation of
Maroncelli et al.66,67 The infrared spectra of such crystalline
solids notably lack kink (1367 cm-1), double-gauche (1354
cm-1), and end-gauche (1341 cm-1) bands. Significant intensi-
ties of the kink, double-gauche, and end-gauche bands were
observed in the dry state of the bondedn-alkyl chains. Bonded
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phases are folded in the dry state or in the presence of a
nonwetting solvent but adopt a more ordered bristle state when
the chains are wet (i.e., when they are in solvents of high organic
content). However, at least one gauche defect was noted per
chain in the bristle state. Compared to the Sil-ODAn sorbents,
the shape-selectivity factors of then-octadecylsilica were poor
for water-methanol systems unless the methanol concentration
was very high, partly because solvation of the stationary-phase
chain was more important.68 To assess the effect of this
solvation, Cole et al.8,11 utilized the shape of van’t Hoff plots
to evaluate the retention mechanism of various low-molecular-
weight solutes withn-alkylsilicas in different mobile-phase
systems (1-propanol/water, methanol/water, and acetonitrile/
water). Selectivity differences between methanol/water and
acetonitrile/water systems were attributed to differences in
solvation of the stationary phases. Matire and co-workers69,70

have also found substantial differences in the thermodynamics
of solute retention in methanol/water and acetonitrile/water
mobile-phase mixtures. For example, in acetonitrile/water
systems,∆Hassoc

o remained constant when the volume fraction
of water, θw, was e 0.45 but decreased whenθw g 0.5. In
contrast,∆Sassoc

o initially increased as the fraction of water
increased, reaching a maximum at aroundθw ) 0.5, then
decreased with increasingθw. However, both∆Hassoc

o and
∆Sassoc

o decreased steadily withθw for the methanol/water
system. The differences in the microstructure of these systems
is thus a result of hydrogen-bonding effects dominating in the
case of alcohol/water mixtures, whereas clustering of acetonitrile
molecules around the nonpolar solutes occurs in acetonitrile/
water mixtures. It is apparent from these reports that methanol/
water or acetonitrile/water provides better selectivity than water
or cyclohexane or methyl-tert-butyl ether, with then-alkyl chains
completely solvated by these latter two solvents. More gauche
than trans chain conformations are present in such solvents,62,65

with then-alkyl chains more mobile but less ordered in highly
solvated environments. However, then-alkyl chains are less
ordered in nonwetting solvents. Consistent with this conclusion,
Pursch et al.71 compared two signals in their13C CP/MAS NMR
spectroscopic investigations of bonded C30 interphases. One
signal belongs to more-rigid chains with trans conformations,
and the other one, to more-mobile chains with trans/gauche
conformations. More trans conformations were formed asT
decreased, indicating that the chains had become more rigid
and ordered. Sander and co-workers have also noted in their
IR spectral assignments of the bondedn-alkyl compounds that
bend (double-gauche) and kink defects gradually decreased with
decreasingT.61,72

The dominant adsorption retention mechanism and high
selectivity of the Sil-ODA18 phase in the crystalline state
strongly indicate that side chains of the immobilizedn-
octadecylacryl polymer are in the trans conformation, resulting
in a rigid, extended structure. The conclusion can also be drawn
that the mobility of chains of the Sil-ODA18 phase gradually
increases from the free end groups of then-octadecylacrylate
moieties with increasingT. Thus, gauche conformations can be
expected to increase gradually with increasingT as the phase
undergoes a transition from the crystalline to the noncrystalline
state. Pesek et al.73,74 have studied several liquid-crystalline
chromatographic phases (e.g., [4-(allyloxy)-benzoyl]-4-meth-
oxyphenyl covalently bonded to silica) and have found that the
mobile phase becomes more and more hostile to ligand ordering
with decreasing percentages of the organic solvent. The point
of collapse was variable and dependent upon the polarity of
the organic modifier. The percentage of organic modifier

required to reach this critical point followed the order methanol
> acetonitrile> tetrahydrofuran. Under these conditions, the
ligand collapse could lead to an ordering of the organic moiety
onto the silica base material because of the closer proximity of
the bonded-phase molecules and a concomitant expulsion of
the solvent. Consistent with these findings, we have also
observed that the Sil-ODA18 phase became more ordered as the
polarity of the solvent was increased. Therefore, the distinguish-
ing feature between our novel silica-immobilized, comb-shaped,
liquid-crystalline Sil-ODA18 sorbent and conventionaln-alkyl
chain bonded phases is that in the former case the collapse would
lead to an ordering of the organic phase on the silica surface
whereas a substantially disordered phase occurs for the con-
ventionaln-alkylsilicas as the polarity of the mobile phase is
increased.

As apparent from the above results, distinctive differences
exist between the retention behavior of the comb-shaped
polymeric Sil-ODA18 and conventionaln-alkyl chain sorbents.
These differences are partly due to the fact that the bonding
chemistry used to prepare these two sorbent types is completely
different. In the case of the conventionally immobilizedn-
octadecylsilica, then-octadecyl groups are individually bonded
onto the silica surface. In the more general case of traditional
C4-30 n-alkylsilicas, the characteristic properties of such phases
are related to their chain length and chain density as well as to
the type of bonding chemistry (i.e., monomeric or polymeric
type). However, with the Sil-ODA18 sorbent the comb-shaped
polymer (ODA18) is prepared first and then block immobilized
onto the porous silica withn-octadecylacryl groups attached to
the polymer backbone on alternative carbon atoms (i.e.,-CH2-
CH(CO-O-C18H37)-CH2-CH(CO-O-C18H37)-). This poly-
mer backbone is flexible and can be arranged on the surface of
porous silicas such that the octadecylacryl groups are arrayed
as a comb-shaped structure, which forms only at theT values
of crystallinity. As shown above, phase organization of Sil-
ODAn occurs spontaneously. The selectivity of Sil-ODA18 in
the crystalline state is comparable to the polymericn-octade-
cylsilica (C18-type) sorbents and in the isotropic state, to
monomeric C18-type sorbents.47,53However, there are significant
differences in retention behavior manifested between the Sil-
ODA18 and polymericn-alkylsilica phases. With conventional
immobilized C4-30 silica phases, shape selectivity is significant
only when the solutes partition into the phase, whereas both
adsorption and partitioning processes can play dominant roles
in achieving shape selectivity with the Sil-ODA18 sorbent.
Selectivity in the liquid-crystalline region (i.e., atT ) 303 to
313 K) of the Sil-ODA18 phase can be controlled by very small
changes inT. Selectivity, particularly shape selectivity, with
such sorbent structures arises from the ability of the solutes to
intercalate efficiently into the phase network, with planar and
slender solutes more efficiently fitting into the ordered structure
than nonplanar or square-shaped solutes. Therefore, planar and
slender solutes have longer retention times and hence better
shape selectivity. When the side chains of the Sil-ODA18 sorbent
in the crystalline state are arranged parallel onto the silica
surface, the carbonyl groups of octadecylacryl moieties are
exposed to the polar solvent. Nonpolar solutes that are rich in
π-electron donor groups are expected to be preferably adsorbed
onto the ordered, immobilizedn-alkyl chains of the Sil-ODA18

phase and at the same time haveπ-π interactions with the
carbonyl groups, resulting in selectivity enhancement.47 Al-
though it is often assumed that for selectivity enhancement to
occur partitioning rather than adsorption of solutes into the
stationary phase is more important, it is now apparent from the
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present studies that adsorption processes can be equally
important for selectivity enhancement.

We have also observed that theT values for the phase
transition with the Sil-ODA18 sorbent shift to much lower values
with acetonitrile or ethanol than with methanol. The shift in
phase-transitionT values with the polarity of the solvent
indicates that the nonpolar ligand chains become more mobile
in less polar environments, as also found for conventional
n-alkylsilicas. The distinctive phase transition for the Sil-ODA18

sorbent observed with polar solvents could not be detected with
hexane, suggesting that the stationary phase was highly solvated.
Consequently, shape selectivity with hexane was not as sig-
nificant as with, for example, acetonitrile or methanol. It is
important to note here that conventionaln-alkyl-bonded sorbents
are mostly disordered in the highly aqueous environment. In
contrast, the Sil-ODA18 sorbent becomes more ordered as the
polarity of the solvent is increased, and thus the operational
range of the ordered crystalline state is increased. Therefore,
this comparison between the Sil-ODA18 and conventional
n-alkyl-bonded sorbents reveals that differences in both the
modality and contribution of the mobile and stationary phases
are important in determining the retention mechanism of these
RPC systems.

Conclusions

This study has revealed that stationary-phase organization is
an important factor controlling selectivity, particularly shape
selectivity, in the RPC system. With the conventional types of
immobilizedn-alkyl chains (i.e., C4-30) bonded to porous silica,
the combined effects of bonding chemistry, surface coverage,
and chain length of the stationary phase as well as the polarity
of the mobile phase determine the kind of ordered structure and
thus the dominant retention mechanism. With the Sil-ODA18

sorbent in the crystalline state, the retention behavior is
consistent with adsorption rather than partitioning processes,
with the selectivity enhancement with such phases mainly due
to the incorporation of solutes into the ordered structure. The
unusually high selectivity in the crystalline state of the Sil-
ODA18 phase is consistent with the trans conformation of the
side chains predominating in these structures. Thermodynamic
studies have also confirmed that a highly ordered structure is
formed for the Sil-ODA18 phase in the crystalline state, with
reorganizational changes occurring between 291 and 303 K that
were undetectable by DSC measurements but could be moni-
tored chromatographically. Thus, partitioning of solutes into the
polymer network of the Sil-ODA18 phase is possible only when
the extension of side chains occurs away from the silica surface
at higherT values, with the extent of partitioning depending
upon the magnitude of the chain extension. Enthalpy-entropy
compensation further demonstrates how the solute-stationary
binding process shifts from an adsorptionlike to a partitionlike
mechanism as the Sil-ODA18 phase undergoes a transition from
a crystalline to a noncrystalline state.

Phase transitions with conventionaln-alkylsilica sorbents have
been observed for many years but now seem to be quantitatively
insignificant when compared to that found for the Sil-ODAn

sorbent. Phase organization of the Sil-ODA18 sorbent is a
spontaneous process that does not depend on the phase density.
Our novel stationary phase, Sil-ODA18, shows a very specific
chain-ordering effect that can be readily fine tuned byT.
Therefore, it is now possible to evaluate independently the roles
of stationary- and mobile-phase contributions in selectivity
enhancement and more precisely determine the effects ofT in
the RPC separation of both nonpolar and polar solutes such as

peptides and proteins. Examples of such investigations will be
reported subsequently.
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