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Abstract

We have devised a reversed phase chromatographic system which secured a simple retention mechanism and showed
reproducible solute retention over along period of time. We used a squalane impregnated C,, phase in a thermostated system
with extreme care, and obtained retention data of some selected solutes (benzene, toluene, ethylbenzene, phenol, and
acetophenone) at 25, 30, 35, 40, 45, and 50°C in aqueous methanol eluents. The van't Hoff plots were nicely linear, thus we
calculated dependable enthalpies and entropies of solute transfer from the mobile to the stationary phase based on three
independent retention measurements on different days (or weeks). We observed that the solute transfer from the mobile to the
stationary phase was enthalpically favorable and entropically unfavorable in general except for highly agueous mobile
phases. The enthalpic contribution to the overall solute transfer free energy was found generally more important than the
entropic contribution. The cavity formation effect was found the major factor that governs the solute distribution between the
mobile and stationary phases for methanol-rich mobile phases while the hydrophobic effect became significant in highly
aqueous mobile phases. Comparison of our data with the literature data leaded to the conclusion that C,, stationary phases
with a high ligand density generally follow a partition mechanism while a C,4 phase with a low ligand density follows an
adsorption-like mechanism. [0 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Reversed phase liquid chromatography (RPLC)
has been one of the most popular chromatographic
tools since the eighties of this century [1]. The
retention mechanism is gtill a topic of controversy,
but the partition mechanism seems to be more
supported than the adsorption mechanism [2—6].

There have been numerous studies of temperature
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effects on solute retention in reversed phase liquid
chromatography. The linear van't Hoff plots were
observed in the typical RPLC systems [7-11]. In
these studies, the enthalpies of solute transfer from
the mobile phase to the stationary phase (AH°) were
calculated from the slopes of the van't Hoff plots,
but the entropies of solute transfer (AS°), in most
cases, were not reported owing to the unknown
phase ratios of the columns used.

Nonlinear van't Hoff plots were also observed in
some studies of temperature effects on solute re-
tention in RPLC [12-20]. Nonlinear van't Hoff plots
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are often observed when the temperature range is
more than 45°C. Some workers [13,14] reported
based on the GC techniques that the bending point in
the van't Hoff plot is ca 22°C when the C,q
stationary phase is free of solvent contact. Such
phase transition of stationary phase occurs more
readily with higher ligand density (over 4 pmol/m?)
[12]. Cole and Dorsey [21] clearly showed that the
phase transition of a stationary phase occurs at 20—
30°C when the ligand density is larger than 3.0
pwmol/m? and that the phase transition temperature
gets higher as the ligand density increases, thus they
cleared conflicts in observations of linearity vs.
nonlinearity in the van't Hoff plots.

The studies of temperature effects on solute
retention in RPLC tend to expand the territory to a
variety of systems. Alkaloids of special van't Hoff
plot trends [22], nonlinear van't Hoff plots for
steroids upon addition of B-cyclodextrin to the
mobile phase [23], separation of enantiomers in the
chiral columns [24,25], polynuclear aromatic hydro-
carbons of various sizes and shapes [26], and ion
chromatographic separation [27] are some examples
of recent research.

A series of homologous solutes were often used to
examine the separation efficiencies of columns and
mobile phases, and to study the characteristics of
stationary phases in RPLC. Issaq [10] studied en-
thalpic and entropic contributions to solute transfer
using a homologous series of alkylbenzenes, and
concluded that the thermodynamic properties were
linearly correlated with the solute carbon number
regardiess of the ligand chain length of stationary
phase. Goldberg [28] examined the characteristics of
31 dtationary phases and showed that the ligand
density was the major factor in improving separation
of a homologous series of solutes. Sentell et al. [29]
studied the temperature effects on selectivity of the
phenylene group repeating solutes (rod-like) and the
fused ring repeating solutes (plate-like) in addition to
the methylene group repeating solutes (chain-like)
and observed that the ability of improving selectivity
by temperature variation was in the order of plate>
rod>chain.

Yamamoto et a. [9] comparatively evaluated the
enthalpy and entropy of solute transfer from the
mobile to the stationary phase for a group of purine
solutes among various C,, columns and found that

the thermodynamic retention properties varied by a
large extent depending on the choice of C,, station-
ary phase. They also observed that an enthapy—
entropy compensation relationship for the retention
of a purine base in the C,; columns examined.

Recently, Bell and coworkers [30] studied the
influence of temperature on the liquid chromato-
graphic retention of carotenoids for the C,g4, C,, and
C,, stationary phases and observed linear van't Hoff
plots for &l the solutes in the C,; phase, but a
variety of retention behaviors in response to tempera-
ture in the C,, and C,, stationary phases.

McGuffin et a. [31] measured thermodynamic
properties for methylene and benzene homologues in
reversed phase liquid chromatography using octa-
decylsilica phases and found that for octadecylsilica
phases with low bonding density, AH° was small
and relatively unaffected by temperature whereas
AH® was markedly affected by temperature for a
polymeric octadecylsilica phase with a high bonding
density.

Thus, there have been a large amount of studiesin
temperature effects on solute retention in RPLC.
Most of such works were, however, related to rather
qualitative discussions such as changes of physical
properties of the stationary phase on temperature
variation, increasing or decreasing trends of the
magnitudes of the thermodynamic properties for a
group of solutes, and their comparison among differ-
ent stationary or mobile phases.

In this study, we have tried to obtain reliable
quantitative thermodynamic properties for solute
transfer between the mobile and stationary phases by
measuring solute retention on a sgualane-impreg-
nated C,; phase. The sgualane impregnated
C,gphase seems to be regarded as a bulk stationary
phase and the phase ratio can be unambiguously
evaluated, so the retention will follow a simple
partition mechanism to give results of straightfor-
ward thermodynamic meaning.

2. Experimental

Methanol and water were of HPLC grade and
purchased from Fisher (Pittsburg, PA, USA) and
used without further purification. Benzene, toluene,
ethylbenzene, phenol, and acetophenone were ob-
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tained from Aldrich (Milwaukee, 1L, USA) and used
as received.

The chromatographic system we used was a
Shimadzu (Tokyo, Japan) HPLC system composed
of a 10 AD pump, a SCL-10 A system controller, a
SIL-10 A autoinjector, a CTO-10 AC column oven, a
SPD-10 A UV/VIS detector, and a Chromatopac
C-R7 A data system.

The column (4.6 mm 1.D.X250 mm) was home-
made, and was packed with a squalane impregnated
C,, stationary phase. The Spherisorb ODS2 (particle
diameter: 5 pm) from Phase Separation (Norwalk,
CT, USA) was used. The raw C,4 phase was dried at
90°C for at least 24 hours and weighed. The dried
C,¢ phase was immersed in a squalane solution in
hexane with stirring for a while. The C,,; phase was
filtered and dried at 90°C for at least 24 hours and
weighed. Such a procedure (immersing, drying, and
weighing) was repeated until the C,4 phase gained a
12-15% weight increase. A portion of the squalane
impregnated C,, phase was measured and suspended
in methanol. The stationary phase slurry was quan-
titatively transferred to the dlurry reservoir of the
Alltech (Deerfield, IL, USA) dlurry packer. After
column packing, the residual stationary phase in the
reservoir and the transfer tubing was carefully col-
lected in a pre-weighed beaker. The solvent in the
beaker was evaporated by gentle heating, and the
beaker was placed in a oven at 90°C and dried. The
difference between the initial weight of the stationary
phase used for the durry and the weight of the
residual stationary phase was adopted as the weight
of the stationary phase packed in the column.

The stationary phase volume (1.106 ml) was
determined by dividing the total weight of the C,q
ligands (based on the carbon load data from the
manufacturer) and the adsorbed squalane by the
density of squalane (0.81) assuming that the density
of the squalane adsorbed C,, phase can be approxi-
mated to be the density of sgualane. The mobile
phase volume (2.257+0.017 ml) was determined by
measuring and averaging the retention volume of a
void volume marker (KNO,) at 35°C. The tempera-
ture range we examined was 25-50°C. We observed
some variation in flow rate but it was less than 2%
over the temperature range and the flow rate at 35°C
was about the mean. Thus the phase ratio was found
to be 0.490.

The column was placed in the column oven, and
its temperature was controlled with an accuracy of
+0.1°C. The transfer tubing (1 m, 1 mm I.D))
between the pump and the injector was water-jac-
keted, and thermostated water was circulated through
the jacket with a Jeio Tech (Seoul, Korea) Excel-18E
circulating water bath. The bath temperature was
adjusted to the same temperature as that of the
column oven. The solvent bottle was placed in the
bath and pre-heated before entering the pump, too.
The injector was connected to the column via a
tubing of very small inner volume (50 cm, 100 pm
I.D.). The column was connected to the detector in
the same way. Thus the extracolumn void volume (8
wl) was negligible.

The mobile phases used were methanol /water
mixtures (10/90, 30/70, 60/40, 70/30, 80/20 v/
v%), and the flow rate was fixed at 1.0 ml/min
throughout. The capacity factors of the solutes were
measured at 25, 30, 35, 40, 45, and 50°C. The
wavelength of the detector was set at 254 nm. The
sample solution was prepared by dissolving all the
solutes in methanol. At each run, the sample was
injected 3—4 times to check reproducibility. The
reproducibility of capacity factor for repetitive in-
jections was better than 1% for the worst case and
better than 0.5% in most cases. Both KNO, and
uracil were used as the void volume marker. Uracil
was added to the sample solution. KNO, was
dissolved in water and injected aone right before
and after 3—4 repetitive sample injections.

The capacity factor data based on three indepen-
dent measurements on different days (usually differ-
ent weeks) were used to calculate the thermodynamic
properties of solute transfer. The long-term repro-
ducibility of k' was better than 2%.

3. Results and discussion

As mentioned before, three independent measure-
ments were made on different days for a given
mobile phase and temperature. From the van't Hoff
plots (In k' vs. 1/T) of each run, the enthalpy (AH®)
and entropy (AS") of solute transfer from the mobile
to the stationary phase were obtained.

AH® AS°

RT T R

Ink’ = +Ine
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In the above equation, ¢ is the phase ratio. All the
van't Hoff plots observed were linear, and the
regression correlation coefficients were better than
0.999 in all cases. A typical example of van't Hoff
plot is shown in Fig. 1. The averages and standard
deviations of the calculated thermodynamic prop-
erties based on three independent runs are assembled
in Table 1.

We can easily figure out that the thermodynamic
properties of nonpolar solutes (benzene, toluene,
ethylbenzene) are more reproducible than those of
polar solutes (phenol, acetophenone). We can aso
note that the difference in a thermodynamic property
between the two data sets based on the void volume
of KNO, and uracil, respectively, is greater in water-
rich mobile phases than in methanol-rich mobile
phases. For example, the enthalpies and entropies of
solute transfer based on the two void volume
markers for phenol and toluene are comparatively
shown in Fig. 2.

Choice of void volume marker is important espe-
cialy when we consider a shortly retained solute.
According to the reviews [32,33] concerning void
volume markersin RPLC, they generally use DO as
the marker of choice, while some people use uracil
or KNO, as well. We dso used D,O, too, but
detection of D,O peak was frequently hampered by

e
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Fig. 1. The van't Hoff plot for the data obtained in 60/40 (v/v%)
methanol /water at 25-50°C and based on KNO, as the void
volume marker. From the top, ethylbenzene (¢), toluene (V),
benzene (A), acetophenone (@), and phenol (H).

appearance of the system peak nearby. In most cases,
KNO, proved to show up very close to D,O. A
disadvantage of using KNO, is difficulties in dis-
solving the marker in the sample solution since an
organic solvent is usualy used to dissolve solutes
while KNO, shows enough solubility only in water.
KNO, aways showed up a little earlier than uracil
and the difference gets larger as the mobile phase
composition gets closer to pure water. It is uncertain
whether KNO, is better than uracil as a void volume
marker for our system. Nevertheless, we will pri-
marily consider thermodynamic data based on the
void volume of KNO, since its value is very close to
that of D,O.

The enthalpies and entropies of solute transfer are
plotted against mobile phase composition in Fig. 3.
Since AG°=AH°—TAS’, and AH® and AS’ are
both negative as long as the methanol content of the
mobile phase is over 30%, the transfer of a solute
from the mobile to the stationary phase is enthalpi-
cally favorable and entropicaly unfavorable in gen-
eral. Especially, AH® is of negative value over the
whole range of mobile phase composition (methanol
10-80%). The variations in enthapy of solute
transfer for the nonpolar solutes with respect to
mobile phase composition are larger than those for
polar solutes (Fig. 3).

Such results strongly support the argument that the
cavity formation effect is the major factor that
governs the solute distribution between the mobile
and stationary phases for the system we consider.
The stationary phase (squalane impregnated C,g) is
entirely nonpolar while the mobile phase (methanol /
water mixture) is highly polar. Thus, in view of
interaction enthalpy between a solute and a solvent,
the solute, if polar, will prefer the mobile phase to
the stationary phase, or, if nonpolar, will have no
particular preference to any phase, which is against
the observation of this study that the stationary phase
was enthalpically favored by all the solutes.

There should be another enthalpic factor for solute
distribution, that is, cavity formation [34,35]. The
incorporation of cavity formation concept in reversed
phase liquid chromatography was first introduced by
Horvath et al. [36,37] when they made use of the
Sinanoglu’s formulation [38] of cavity formation
energy for the solute, the ligand, and the solute—
ligand complex to derive equation of solute re-
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Table 1

The enthal phies and entrophies with their standard deviations for solute transfer from the mobile phase to the stationary phase based on three
independent retention measurements on different days over the temperature range of 25-50°C*

AH® (J/moal)

Void Solute Mobile phase composition (methanol%)

volume

marker 10 30 60 70 80

KNO, phenol —13336£361 —13603+138 —8550+219 —7522+643 —5629+223
acetophenone - - —9512+140 — 7867502 —5821+357
benzene —8306+32 —11833+66 —9518+105 —7737+314 —5529:+90
toluene —11084+157 —15060+100 —12037+90 —9799+302 —7259+106
ethylbenzene - - —13792+94 —11129+320 —8277+51

uracil phenol —9663+239 —13005+138 —9224+148 —7003+133 —5342+633
acetophenone - - —9819+101 —7436+128 —5698+427
benzene —4640+87 —11043+31 —9604+43 —7326+81 —5278+224
toluene —7465+274 —14262+6 —12071+58 —9431+110 —7067+195
ethylbenzene - - —13788+68 —10769+155 —8096+129

AS° (J/mol K)

Void Solute Mobile phase composition (methanol %)

volume

marker 10 30 60 70 80

KNO, phenol —19.4+1.2 —29.3+0.9 —25.2+0.8 —258+21 —23.6x0.7
acetophenone — - —22.3+x0.5 —215*17 —20.9+19
benzene 9.7+£0.2 —9.3+0.2 —15.7+04 —-14.8*1.1 —12.6+0.3
toluene 10.9+04 —11.5+0.3 —18.6+0.3 —-17.1+10 —14.8+0.3
ethylbenzene - - —19.9+0.3 —-17.9+11 —155+0.1

uracil phenol —7.9+0.8 —27.7*+05 —28.2+04 —25.2+04 —24.1+22
acetophenone - - —-23.6+x0.3 —20.6x0.4 —19.5+15
benzene 21.5+0.2 —-6.8+0.1 —-16.1+0.1 —13.7+0.3 —12.2+0.8
toluene 22.5+0.8 —-9.0+0.1 —18.8+0.1 —16.1+04 —14.4+0.6
ethylbenzene - - —19.9+0.2 —16.8+0.5 —15.0£04

#In the mobile phase of methanol 10% and 30%, only phenol, benzene, and toluene were measured.

tention. Their solvophobic theory was, however,
rather based on an adsorption-like retention model.
The partition mechanism [2—6] in the octadecyl
bonded stationary phase seems to be generaly
accepted. Recently, Tan and Carr [39,40] reanalyzed
solvophaobic driving forces in reversed phase liquid
chromatography and found that retention on mono-
meric bonded phases with octyl chains or longer is
dominated by a partition mechanism and that an
adsorption-like mechanism contributes to retention in
monomeric bonded phases with short bonded chains
or with low surface coverage density.

If asolute isintroduced into a phase, a hole should
be formed in the phase to accommodate the solute
and the cavity formation is enthalpically endother-
mic. The cavity formation enthalpy of the mobile

phase is much larger than that of the stationary phase
because there is only a dispersive interaction in the
stationary phase while there exist dipole—dipole and
hydrogen bond interactions in addition to the disper-
sive interaction in the mobile phase. Therefore, the
solute prefers the stationary phase to the mobile
phase in view of cavity formation enthalpy, which is
in agreement with actual observation. Thus we can
conclude that the cavity formation effect is dominant
compared to the solute—phase interaction effect.
The cavity formation enthalpy gets larger as the
mobile phase gets more polar or the solute size gets
bigger [34], which isin agreement with the observa-
tion that AH® values get less negative with increas-
ing methanol content (60—80% range) in the mobile
phase and that the slopes in the plot of AH® vs.
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Fig. 2. Comparison of the solute transfer enthalpies and entropies

based on KNO, (O, @), and uracil (A, A) for phenol (@, A) and

toluene (O, A).

methanol volume fraction are steeper for larger
solutes (Fig. 3). On the other hand, the slopes for
more polar solutes are less steeper since there exist
nondispersive solute—solvent interactions in the mo-
bile phase which partly cancel out the cavity forma-
tion enthalpy.

In the composition range of 10-30% methanol,
some different trends were observed. If the cavity
formation effect were till dominant, AH® should
have become more negative as methanol content in
the maobile phase decreases. The redlity is contrary to
the hypothesis. Such a phenomenon can be explained
by the so called hydrophobic effect [41] caused by
restructuring and reinforcement of surrounding water
molecules (iceberg formation) when a solute is
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Fig. 3. The plot of solute transfer enthalpies and entropies based
on KNO, as the void volume marker against methanol volume%

of the mobile phase for ethylbenzene (¢), toluene (V), benzene
(A), acetophenone (@), and phenol (H).

introduced in a highly agueous liquid. Water mole-
cules around the solute tend to hold one another
more tightly to compensate for the molecular interac-
tions broken by insertion of the solute and such
structural reinforcement is strong enough to cancel
out the enthalpic energy loss of cavity formation by a
large extent especially when the solute is nonpolar
and/or the solvent is highly agueous. We approxi-
mately evaluated the hydrophobic interaction en-
thalpy corresponding to the structural reinforcement
of solvent molecules around the inserted solute by
assuming that the solute-phase interaction enthalpies
are virtually invariant with respect to mobile phase



C.S. Lee, WJ. Cheong / J. Chromatogr. A 848 (1999) 9-20 15

composition for nonpolar solutes and that the cavity
formation enthalpy term is linearly correlated with
mobile phase composition. The linearity was found
in the composition range of 60—80% methanol where
the hydrophobic interaction effect was thought negli-
gible (see Fig. 3). We extrapolated the solute transfer
enthalpy in the linear range to the composition of
10% methanol and obtained the hypothetical cavity
formation enthalpy term at that composition. We
finaly obtained the hydrophobic interaction enthalpy
by subtracting this value from the solute transfer
enthalpy. We found — 12 000 J/mol for benzene and
—13 000 J/mol for toluene, respectively. The mag-
nitudes are comparable to those of cavity formation
enthalpy term in methanol-rich mobile phases and
more than a half of the cavity formation energy term
in highly agueous mobile phases.

The entropies of solute transfer from the mobile to
the dtationary phase are exclusively negative for
phenol. The entropies of solute transfer for benzene
and toluene are also mostly negative, but the sign is
changed to a positive vaue for highly aqueous
solvents (10% methanol, Fig. 3) owing to the
hydrophobic effect. The negative sign of entropies of
solute transfer can be explained by the following
argument. The squalane impregnated C,, stationary
phase is composed of approximately equal amounts
of squalane and octadecyl ligands. The phase is of a

narrow thickness and is rather viscous, so a solute in
this phase will lose a portion of its freedom (entropy)
compared to the solute in the mobile phase. The
peaks obtained with the squalane impregnated C,q
phase were rather broad with some tailing because of
slow stationary phase mass transfer as shown in Fig.
4.

The reverse situation applies to a system of a
highly agueous mobile phase. As the water content
in the mobile phase increases, the entropically endo-
ergic iceberg formation gets more significant, and
transfer of benzene or toluene from the mobile phase
of 10/90 (v/v%) methanol /water to the stationary
phase is entropically favorable.

The enthalpic and entropic contributions to the
overall free energy of solute transfer from the mobile
to the stationary phase are comparatively summa-
rized in Table 2. As described before, solute transfer
from the mobile to the stationary phase is enthalpi-
cally favorable and entropically unfavorable in gen-
eral except for nonpolar solutes in 10/90 (v/v%)
methanol /water. The enthalpic contribution (AH®) to
the overall solute transfer free energy (AG®) is
greater than the entropic contribution (—TAS’) in
general except for polar solutes in methanol-rich
mobile phases.

Now let us critically compare our data with some
relevant literature data. Grushka et al. [7] measured

Fig. 4. The chromatograms of KNO, (the upper plot), and the sample solutes (the lower plot) obtained in 70/30 (v/v%) methanol /water
with a flow rate of 1 ml/min at 25°C. In the lower plot, uracil eluted first, followed by phenol, acetophenone, benzene, toluene, and

ethylbenzene.
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Table 2

The enthalpic and entropic contributions to the overall solute transfer free energy from the mobile to the stationary phase based on KNO, as

the void volume marker (unit: kJ/mol)

Mobile phase Thermodynamic Solute

composition properties

(methanol %) phenol acetophenone benzene toluene ethylbenzene

10% AH® —13.3 - -83 -111 -
—TAS® 5.8 - -29 -32 -
AG° -75 - -11.2 —14.3 -

30% AH® —13.6 - —-11.8 -15.1 -
—TAS® 8.7 - 238 34 -
AG° -49 - -9.0 -117 -

60% AH® -86 —-95 -95 —-12.0 —138
—TAS® 75 6.6 47 55 59
AG° -11 -29 —-438 -6.5 -79

70% AH® -75 -79 -77 -9.38 -111
—TAS® 7.7 6.4 44 51 53
AG° 0.2 -15 -33 —-47 -58

80% AH® -56 -58 -55 -7.3 -83
—TAS® 7.0 6.2 38 44 4.6
AG° 14 0.4 -17 -29 -37

AH® of ethylbenzene in 80/20 (v/v%) methanol/
water using Hypersil C,;. Issaq et a. [10] measured
AH° values for benzene, toluene, and ethylbenzene
in 55/45 (v/v%) methanol/water using a C,q
stationary phase. Martire et al. [42] measured AH°
and AS°/R+InV, for a homologous series of akyl-
benzenes (ethylbenzene to hexylbenzene) in 40—
100% methanol and in 30—100% acetonitrile using a
C, phase, and found that the changes in AH® and
AS® as a function of volume fraction of organic
component were significantly different in the two
solvent systems. Miyabe et a. measured AH° values
for benzene, toluene, and ethylbenzene in 0-100%
methanol /water [43] and acetonitrile/water [44]

using a stationary phase of large (45 pm) octa
decylsilica particles. Comparison of our data with the
relevant literature data for nonpolar solutes is shown
in Fig. 5. We can note that in the plot of ethyl-
benzene al the data sets except for Miyabe's are
rather in good agreements, while Miyabe's AH°
values were significantly less negative than others.
An interesting point we should note is that Miyabe et
a. thought that solute retention took place through
adsorption. They used a 45 pm octadecylsilica
stationary phase while others used 5 um C, phases.
Miyabe and coworker also observed that the absolute
value of AH° was smaller in acetonitrile/water
systems than in methanol /water systems and con-

H
NHCH RRge)
N\io N§§ 3 N\i
Br N Cl ! =N Cl I =N

Z N o

|

AN
Bromazepam Chlordiazepoxide Diazepam

Fig. 5. The structures of the selected benzodiazepins.
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cluded that the interaction between ODS ligands and
adsorbate molecules was wesker in acetonitrile/
water systems than in methanol /water systems.

For nonpolar solutes, the difference in solute—
solvent interactions between the mobile and station-
ary phases is negligible, and AH® is mainly depen-
dent on the cavity formation effects. Since in an
adsorption mechanism the solute does not penetrate
into the stationary phase but partly remains in the
mobile phase when it transfers from the mobile
phase to the stationary phase AH° will be less
negative in an adsorption-like mechanism than in a
partition-like mechanism. Miyabe's AH® values for
benzene were also less negative than ours (Fig. 5).
We guess they used a C,,; phase with a low ligand
density to secure an adsorption mechanism on pur-
pose. As mentioned before, Carr et a. [40] showed
that retention on monomeric bonded phases with a
high ligand density is dominated by a partition
mechanism, and retention on bonded phases with a

17

low ligand density, by an adsorption-like mechanism.
Thus it seems that all the stationary phases consid-
ered in this comparison except for Miyabe's worked
through a partition mechanism.

We searched for literature data for phenol and
acetophenone but failed. Instead we will critically
compare Guillaume's AH® and AS° for benzodiaz-
epins [45] with our phenol and acetophenone data.
Guillaume and coworker observed that the benzodi-
azepins of amost the same molecular volumes could
be distinguished into three groups according to the
variation of AH® vs. solvent composition. For the
first group, the absolute value of AH® decreased with
methanol content in the solvent increasing. For the
second group, AH® did not vary with respect to
methanol composition. For the third group, the
absolute AH® values increased with methanol com-
position. We selected a typical solute for each group.
Molecular structures of the three selected solutes are
shown in Fig. 6. The AH® data of the three com-
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Fig. 6. Comparison of literature AH® data with ours for nonpolar solutes. Open symbols are for ethylbenzene, and closed symbols, for

benzene.
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pounds and our AH° data of phenol and
acetophenone are comparatively shown with respect
to methanol composition in Fig. 7. As mentioned
before, the predominating cavity formation effect
gets more significant with water content increasing
(methanol content decreasing), thus AH® values for
phenol and acetophenone get more negative with
decreasing methanol content. Bromazepam (most
polar of the three benzodiazepins) follows such a
trend (Fig. 7) for the composition range of 50-80%
methanol. Diazepam, however, shows a contrary
trend: AH° gets less negative with decreasing metha-
nol composition. Chlordiazepoxide, on the other
hand, shows an invariant AH®.

We propose a hypothesis concerning the hydro-
phobic effect to explain such phenomena. The sol-
utes have a large nonpolar portion that penetrates
into the C,4 stationary phase when it transfers from
the mobile phase to the stationary phase, and the
hydrophobic effect is quite significant even in sol-

vents of a rather high methanol content. Trends of
AS® against methanol composition strongly support
the hypothesis. Trends of AS® vs. methanol com-
position for the three benzodiazepins and phenal,
acetophenone, and toluene are compared in Fig. 8.
Positively shifting trends of AS° with decreasing
methanol composition in highly agueous solvents are
characteristics of the hydrophobic effect. The ben-
zodiazepins with a large nonpolar part (at least two
phenyl rings) show such trends for the range of
50-80% methanol, while phenol and toluene show
the hydrophobic effect only for 10—-30% methanol
(Fig. 8). Explanation of the phenomena shown in
Fig. 7 can be completed if we include the cavity
formation effect as well. The variation trends of AH°
are the results of the combined effects of hydro-
phobic interaction and cavity formation. The two
factors exert the contrary effects each other. For
diazepam, the hydrophobic effect is dominant (a very
high dope in Fig. 8) and overrides the cavity
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Fig. 7. Comparison of literature AH® data with ours for polar solutes. Our data are represented by closed symbols, and the literature data, by

open symbols.
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Fig. 8. Comparison of literature AS® data with ours. Our data are represented by closed symbols, and the literature data, by open symbols.

formation effect, thus AH® shifts negatively with
increasing methanol content. For bromazepam (the
most polar among the benzodiazepins), the cavity
formation effect seems more significant than the
hydrophobic effect (the lowest slope among the
benzodiazepins in Fig. 8), and AH° gets more
negative with decreasing methanol composition. For
chlordiazepoxide, the hydrophobic and cavity forma-
tion effects are virtually balanced, and AH® shows
no variation.

The specific solute—solvent interactions owing to
the polar solute functional groups may play a role,
too. However, the hydrophobic effect, the cavity
formation effect, and the solute—solvent interaction
effect are likely to intermingle to some extent, and
the situation gets more perplexing by the possibility
that large molecules with several polar functional
groups may follow a partial adsorption mechanism.
For example, let us consider the case of bromaze-
pam. Since it is quite polar, the specific solute—

solvent interaction in the mobile phase should be
rather strong, and will be stronger in a more polar
solvent, thus AH® should have become less negative
with increase of solvent polarity (decrease of metha-
nol content) if the specific solute—solvent interaction
effect were predominating. As shown in Fig. 7, the
contrary phenomenon is observed. Such a large
molecule with a few polar functional groups may let
its nonpolar portion penetrate into the stationary
phase, but its polar portion is left in the mobile
phase. In such a case, the specific solute—solvent
interaction does not change despite the solute trans-
fer, and the solute—solvent interaction effect on AH°
will be negligible.

Thus, we have designed a particular chromato-
graphic system in order to obtain quantitative
thermodynamic data, and have shown that our sys-
tem provides reproducible results over a long period
of time. We believe that the thermodynamic data
reported in this study are dependable enough to be
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used for development or validation of theories on
solution thermodynamics. Our future study will
focus on such work.

4. Conclusions

The solute retention on the squalane impregnated
C,¢ phase was simple and reproducible for a long
period of time. We have been able to obtain depend-
able thermodynamic properties of solute transfer by
measurements over a range of temperature based on
the carefully designed chromatographic system in-
cluding the sgualane impregnated C,; phase. The
plot of In k' vs. 1/T was exclusively linear for our
system. The transfer of a solute from the mobile
phase to the stationary phase is enthapically favor-
able and entropically unfavorable in general. The
enthalpic contribution is more significant than the
entropic contribution in general. The cavity forma
tion effect has proven to be the magor factor that
governs the solute distribution between the mobile
and stationary phases except for the cases of highly
agueous mobile phases. The hydrophobic effect is
negligible in methanol-rich mobile phases. In highly
aqueous mobile phases, the hydrophobic effect be-
comes significant, being comparable to the cavity
formation effect.
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