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Abstract

In this study, thermodynamic properties are measured for methylene and benzene homologues in reversed-phase liquid
chromatography using octadecylsilica stationary phases and methanol mobile phase. The change in molar enthalpy (4H°) is
determined from graphs of the logarithm of the capacity factor versus the inverse temperature (15 to 60°C), whereas the
change in molar volume (AV®) is determined from graphs of the logarithm of the capacity factor versus pressure (830 to
5000 p.s.i.). For octadecylsilica phases with low bonding density (2.7 wmol m~>), AH® and AV° are small and are relatively
unaffected by temperature and pressure. These thermodynamic parameters are linearly related to the homologue number for
the methylene homologues, but not for the benzene homologues. For the ethylene group, AAH® and 4AV° are in the order of
—0.41 kcal mol ™' and —1.0 cm”® mol ', respectively, at 30°C. As the bonding density increases (5.4 wmol m™°), the molar
volume and molar enthalpy decrease in a significant and nonlinear manner with the homologue number. Moreover, these
thermodynamic parameters are markedly affected by temperature and pressure. For the ethylene group, A4H® and 4A4V° are
in the order of —3.65 kcal mol ™' and —14.1 cm® mol ™', respectively, at 30°C. The theoretical and practical implications of
these measurements are discussed with respect to the retention mechanism in reversed-phase liquid chromatography.
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1. Introduction

Thermodynamic and other physicochemical mea-
surements have been an essential and integral feature
of chromatographic theory for many years [1,2].
They have enabled the estimation of activity co-
efficients, fugacities, virial coefficients, as well as
other interaction parameters. In addition, they have
been used to determine the equilibrium partition
and/or adsorption coefficients, together with the
concomitant changes in molar Gibbs free energy,
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molar enthalpy, molar entropy, etc. Finally, they
have been used to evaluate isotherms and to char-
acterize phase transitions. Several recent reviews
have summarized the present state of knowledge and
state of the art in the application of thermodynamics
to reversed-phase liquid chromatography [3-5].
Since chromatographic systems are dynamic in
nature, one of the inherent challenges in making
meaningful and accurate thermodynamic measure-
ments is maintaining the appropriate constant con-
ditions. Depending upon the thermodynamic parame-
ters to be measured, the state variables of tempera-
ture, pressure, and/or volume may need to be
carefully controlled. In most previous studies in,
reversed-phase liquid chromatography, including
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those of Tchapla et al. [3], Carr et al. [4], Wheeler et
al. [5], Vailaya and Horvéath [6], and many others,
temperature has been well controlled but pressure
has been allowed to fluctuate. In part, this oversight
or neglect has been predicated on the widely held
belief that compressibility of the mobile and station-
ary phases is not significant in liquid chromatog-
raphy. However, several recent studies have demon-
strated that this presumption may not be true under
routine operating conditions [7,8].

To overcome this source of error, we have de-
veloped an experimental system that allows solute
retention to be measured in situ at several positions
along an optically transparent chromatographic col-
umn [9]. The resulting thermodynamic parameters
are representative of a small isolated region of the
column, wherein temperature and pressure are main-
tained relatively constant, rather than an average
over the entire column length. In the present study,
we have used this approach to determine the change
in molar enthalpy and, for the first time, the change
in molar volume for methylene and benzene homo-
logues. As the elementary building blocks of organic
molecules, the methylene and benzene groups are of
fundamental significance. It is, therefore, desirable to
characterize the thermodynamic behaviour of these
groups in order to understand their effect upon
retention in reversed-phase liquid chromatography.

2. Experimental methods
2.1. Reagents

The saturated, even-numbered fatty acid standards
(Sigma, St. Louis, MO, USA) ranging from C,, to
C,, are derivatized with 4-bromomethyl-7-methoxy-
coumarin as described previously [10]. The solvent
is evaporated in a stream of dry nitrogen at 40°C and
the residue is redissolved in methanol at a final
concentration of 10™* M. The polynuclear aromatic
hydrocarbon standards, consisting of phenanthrene,
chrysene, picene, benzo[alpyrene, tetraben-
zonaphthalene, and phenanthro[3,4-c]phenanthrene
(National Institute of Standards and Technology,
Gaithersburg, MD, USA), are also prepared at 107*
M concentration in methanol. All organic solvents
are high-purity, distilled-in-glass grade (Burdick &

Jackson Division, Baxter Healthcare, Muskegon, MI,
USA).

2.2. Chromatographic system

The stationary phases are prepared by using an
irregular silica material with particle size of 5.5 pm,
pore size of 190 A, and surface area of 240 m’ g*1
(IMPAQ 200, PQ Corp., Conshohocken, PA, USA).
This material is reacted with monofunctional and
trifunctional octadecylsilanes at bonding densities of
2.7 and 5.4 pwmolm °, respectively, which corre-
spond to surface coverages of 0.34 and 0.68 mono-
layer, respectively [11]. The microcolumns are fabri-
cated from 200 pm L.D. fused-silica capillary tubing
(Polymicro Technologies, Phoenix, AZ, USA),
terminated with a quartz wool frit at a length of 76.0
cm. The polyimide coating is removed from the
capillary at distances of 23.2, 28.7, 52.8 and 58.3 cm
to facilitate on-column detection. A 0.25 g sample of
the octadecylsilica material is suspended in 1.0 cm’
methanol. This slurry is introduced onto the capillary
at 5000 p.s.i., maintained at this pressure for 2 h,
then gradually reduced to 1000 p.s.i. for 10 or more
h (1 p.s.i.=6894.76 Pa). The resulting microcolumns
are evaluated under standard test conditions [12] to
have a plate height of 15 wm, total porosity of 0.84,
and flow resistance parameter of 500.

A schematic diagram of the experimental system
is shown in Fig. 1. The methanol mobile phase is

CRYOGENIC OVEN
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Fig. 1. Schematic diagram of experimental system for micro-
column liquid chromatography with on-column fluorescence de-
tection. [ =injection valve, T =splitting tee, S = splitting capillary,
R =restricting capillary, FOP=fibre-optic positioner, F=filter,
PMT = photomultiplier tube, AMP =current-to-voltage converter
and amplifier.
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delivered by a single-piston reciprocating pump
(Model 114M, Beckman Instruments, San Ramon,
CA, USA), operated in the constant-pressure mode
(=15 p.s.i.). The sample is introduced by means of a
1.0 mm’ injection valve (Model ECI4W1, Valco
Instruments, Houston, TX, USA) and is subsequently
split between the microcolumn and a 50 pm LD.
fused-silica capillary (Polymicro Technologies), re-
sulting in an injection volume of 12X10™° mm’. A
20 pm 1.D. fused-silica capillary (Polymicro Tech-
nologies) is attached at the column outlet to serve as
a restrictor. The column, injector, splitter, and re-
strictor are maintained at constant temperature
(*£0.1°C) in a cryogenically cooled oven (Model
3300, Varian Associates, Sugar Land, TX, USA).
The experiments are conducted by systematically
changing either pressure or temperature, while main-
taining all other factors constant. For the pressure
studies, the lengths of the restricting and splitting
capillaries are proportionally decreased, so that the
mobile phase linear velocity (0.08 cms ' at room
temperature) and split ratio (1:84) remain constant as
the inlet pressure is reduced from 5000 to 830 p.s.i.
As the temperature is decreased from 60 to 15°C,
however, the linear velocity is allowed to change as
a consequence of the variation in mobile phase
viscosity with temperature. In this manner, the
pressure drop along the column is maintained con-
stant at 800 p.s.i. throughout the experiments. The
local pressure at each detection position is then
calculated by assuming a linear pressure drop (11
p.si.cm™') along the column. This calculation is
verified by comparison with a more rigorous theoret-
ical equation that accommodates the change in
compressibility and viscosity of the mobile phase
with both pressure [13] and temperature [14]. The
deviation between the values calculated from the
assumption of linear pressure and from the more
rigorous nonlinear equation is found to be less than
1.4% for the experimental conditions of this study.

2.3. Detection system

A laser-induced fluorescence detection system,
shown in Fig. 1, is utilized to examine the solute
zones at four positions along the microcolumn. A
continuous-wave He-Cd laser (Model 3074-20M,
Omnichrome, Chino, CA, USA), with approximately

15 mW of power at 325 nm, is utilized as the
excitation source. The laser radiation is transmitted
to the microcolumn via small-diameter, UV-grade
optical fibres (100 wm, Polymicro Technologies),
and fluorescence emission is collected in a right-
angle geometry using optical fibres of larger diam-
eter (500 wm, Polymicro Technologies). The fluores-
cence emission at each detection position is isolated
by an interference filter at 420 nm (Corion, Hollis-
ton, MA, USA) and is detected by a photomultiplier
tube (Model R760, Hamamatsu, Middlesex, NJ,
USA). The resulting photocurrent is amplified (100
nAV ' 001 s time constant) and converted to the
digital domain (Model 3405/5716, Data Translation,
Marlborough, MA, USA). Data acquisition is per-
formed by using the Forth-based programming lan-
guage Asyst (Version 2.1, Keithley Asyst, Rochester,
NY, USA) with an IBM-compatible computer. An
acquisition rate of 1-5 Hz is employed to provide a
minimum of 50 data points uniformly distributed
across the solute zone profile.

2.4. Calculations

To characterize the solute zone profile, the method
of statistical moments is chosen because it requires
no assumptions concerning the mathematical form of
the profile [15,16]. The statistical moments are
calculated by finite summation of the fluorescence
intensity as a function of time [F(?)]:

M, = 3F()dt (D

M, = 31F(t) dt/M, 2)

The zeroth moment (M) represents the area, while
the first moment (M, ) represents the centroid of the
solute zone, which is the most accurate measure of
the retention time.

The solute capacity factor (k) in the region be-
tween any two detectors is calculated from the
difference in the first moment between detectors
AM)D=M ) per— M )per, ), evaluated for both
the solute and the void marker:

k= (AMI)SOLUTE - (AMI)VOID
AM,)yorp

(3)

For this study, a fluorescent byproduct of the
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coumarin derivatization reaction that coelutes with
the injection solvent serves as a convenient and
reliable void marker [7,17]. The accuracy of this
void marker is verified from a graph of the logarithm
of the capacity factor versus the solute carbon
number. For the low-density monomeric stationary
phase, the capacity factor for a solute with zero
carbon number (y intercept) is 0.047+0.001 over all
temperatures and pressures. For the high-density
polymeric stationary phase, the capacity factor for a
solute with zero carbon number is 0.015x£0.002 in
the temperature range from 20 to 40°C, and
0.033%£0.002 in the temperature range from 50 to
60°C. Since these values are similar and approxi-
mately equal to zero, the use of this byproduct as a
void marker can be approved.

It is noteworthy that the capacity factors deter-
mined by differential measurement between two on-
column detectors are implicitly corrected for the
effects of systematic (but not random) variations in
temperature and pressure on the mobile-phase linear
velocity as well as for extra-column effects [9]. With
careful control of the temperature and pressure, the
capacity factor for all model solutes is found to be
constant along the column length. The precision of
capacity factor measurements between the first and
last detectors is better than *0.4% for capacity
factors greater than 1.0, and *1.5% for capacity
factors less than 0.30.

3. Results and discussion

From classical thermodynamics, the standard
molar free energy (G°) is defined by the Gibbs-
Helmbholtz equation

G°=H°—TS° “)

where H° is the standard molar enthalpy, S° is the
standard molar entropy, and 7 is the absolute
temperature. When applied to a solute that is in
equilibrium between the mobile and stationary
phases, the corresponding change in free energy is
given by

AG® = AH® — TAS°®
= —RTInK = — RT InkB) (3)

where the solute capacity factor (k) represents the
thermodynamic equilibrium constant (K') adjusted for
the volumetric ratio of the mobile and stationary
phases (B3). By rearrangement of this equation,

— AH°®  AS°

ot~ InB (6)

Ink =

Thus, the change in molar enthalpy (AH®) for the
solute can be evaluated from a graph of the
logarithm of the capacity factor versus the inverse
temperature, provided that the phase ratio remains
constant [1,2]. In this study, the experimental data
are fitted by means of nonlinear regression using a
combination of a linear equation, a second-degree
polynomial equation, and a transposed second-degree
polynomial equation, as necessary, to yield correla-
tion coefficients (r*) greater than 0.99. The slope is
then calculated by taking the partial derivative of the
regression equation with respect to the inverse
temperature. By using this approach, the molar
enthalpy is determined with an average relative error
of +1.2% for the low-density monomeric stationary
phase and *=3.6% for the high-density polymeric
stationary phase over all temperatures and pressures.

The Gibbsian differential of the free energy is
given by

dG° = — §°dT +V°dP )]

where V° is the standard molar volume and P is the
pressure. When applied to a solute in equilibrium
between the mobile and stationary phases, the corre-
sponding differential equation is

d(4G°) = — (AS°)dT + (4V°)dP
= d[—RT In(kB)] (8)

and, by rearrangement,

() (52), o

Thus, the change in molar volume (AV°®) for the
solute can be evaluated from a graph of the
logarithm of the capacity factor versus the pressure
at constant temperature, provided that the phase ratio
remains constant {8,18]. In this study, the experimen-
tal data are fit by means of linear regression with
correlation coefficients (r’) typically greater than
0.96. The slope is then calculated by the least-
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squares method, which yields the molar volume with
a constant average error of +0.7 cm’ mol ™" for the
low-density monomeric stationary phase and *1.3
cm’ mol ' for the high-density polymeric stationary
phase. This results in a relative error that ranges
from approximately *=10% for a molar volume of 10
cm’mol™' to approximately *1% for a molar
volume of 100 ¢cm’ mol .

Similarly, the Gibbsian differential of the enthalpy
is given by

dH° = TdS° + V°dP (10)

The corresponding differential equation for a solute
in equilibrium between the mobile and stationary
phases is

d(4H°®) = Td(AS°) + (AV°)dP (11)

The partial derivative of this expression with respect
to temperature is

() (50w

where AC, is the change in heat capacity at constant
pressure.

3.1. Methylene homologues

To examine the behaviour of methylene homo-
logues, a series of saturated even-numbered fatty
acids ranging from C,, to C,, are chosen as model
solutes. The change in molar enthalpy for these
solutes is illustrated in Fig. 2. In all cases, the change
in molar enthalpy is negative, which implies that the
transfer of the solute from the methanol mobile
phase to the octadecylsilica stationary phases is an
exothermic process. For the low-density stationary
phase (Fig. 2A), the molar enthalpy remains small
and relatively constant throughout the examined
temperature and pressure ranges. The values range
from —1.74 to —4.20 kcalmol ' for C,, to C,,,
respectively, at 30°C and 1330 p.s.i. (1 cal=4.184
J). Moreover, the change in molar enthalpy per
ethylene group (AAH®) calculated by difference
between successive homologues remains relatively
constant, as shown in Table 1, with an average value
of —0.41+0.02 kcal mol~'. This suggests that each
ethylene group contributes in an equal manner to the
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Fig. 2. Molar enthalpy (4H°) as a function of temperature for the
methylene homologues. (A) monomeric octadecylsilica stationary
phase with 2.7 wmol m~* bonding density, (B) polymeric octa-
decylsilica stationary phase with 5.4 wmol m™* bonding density.
Solutes: (O) C,o, () C,,, (A) C,yy (O) Ci, (V) Cg, (@) Cy,
(M) C,,. Other experimental conditions as given in the text.

overall change in enthalpy for the homologous
solutes.

For the high-density stationary phase (Fig. 2B),
the change in molar enthalpy is significantly greater
with values ranging from —10.6 to —30.5
kcal mol ' for C,, to C,,, respectively, at 30°C and
1470 p.s.i. As shown in Table 1, the differential
change in molar enthalpy per ethylene group remains
constant for solutes C,, to C,,, within the statistical
precision of the measurements. The average value of
—3.65+0.13 kcal mol ' is approximately ten-fold
higher than that for the low-density phase under the
same conditions of temperature and pressure. How-
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Table 1
Differential molar enthalpy (44H°) and molar volume (44V°) for the methylene homologues at 30°C
Solutes Low-density High-density

octadecylsilica® octadecylsilica”

AAH® 44v° AAH® A44v°

(keal mol ") (em’mol™") (kcal mol ™") (cm’ mol™")
C,—C, —-045 -1.72 —3.63 -103
c,—C, —0.39 —0.86 —3.54 —14.2
C,—C,. —0.40 -0.76 —3.60 —16.9
C,i—C —0.40 -0.90 —3.84 —14.8
C—Che —0.42 -0.83 -291 - 955
C,,—C, —-0.41 -1.15 -239 — 8.89

* Monomeric octadecylsilica stationary phase with 2.7 wmolm ° bonding density.
® Polymeric octadecylsilica stationary phase with 5.4 wmol m~’ bonding density.

ever, the solutes C,, and C,, have notably smaller
enthalpy contributions of —291 and —2.39
kcal mol ', respectively. These results are intuitively
reasonable, based on the explanation proposed by
Tchapla et al. [3,19], as the additional carbon atoms
in these solutes cannot be fully embedded in the
octadecylsilica stationary phase.

It is also noteworthy that temperature and pressure
exhibit a significant effect upon the molar enthalpy
for the high-density stationary phase, in direct con-
trast to the low-density phase. As shown in Fig. 2B,
the change in molar enthalpy for all solutes is
linearly related to temperature in the range below
40°C. The slope, which represents the change in heat
capacity at constant pressure (AC,) according to Eq.
(12), ranges from 0.26 to 0.86 kcal mol ' °C™" for
C,, to C,,, respectively. There is a pronounced
discontinuity between 40 and 50°C, which is con-
sistent with previous reports of a phase transition for
high-density octadecylsilica within this temperature
region ( [3,5,20] and references cited therein). It is
also consistent with the behaviour of octadecanoic
acid monolayers, which exhibit a half-expansion
temperature of 46°C [21,22]. Above the transition
temperature, the slope AC, is much smaller and
ranges from 0.06 to 0.29 kcal mol ' °C™' for C,, to
C,,, respectively.

The change in molar volume for the homologous
solutes is illustrated in Fig. 3. In most cases, the
change in molar volume is negative which implies
that the solute occupies a smaller volume in the
octadecylsilica stationary phases than in the metha-
nol mobile phase. For the low-density stationary
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Fig. 3. Molar volume (AV°) as a function of temperature for the
methylene homologues. (A) monomeric octadecylsilica stationary
phase with 2.7 wmol m™* bonding density, (B) polymeric octa-
decylsilica stationary phase with 5.4 wmol m™? bonding density.
Solutes as given in Fig. 2; other experimental conditions as given
in the text.
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phase (Fig. 3A), the molar volume remains small and
relatively constant throughout the examined tempera-
ture and pressure ranges. The values range from
+1.92 to —4.31 ¢cm’ mol ' for C,, to C,,, respec-
tively, at 30°C. The differential change in molar
volume per ethylene group (A4V°) remains relatively
constant, as shown in Table 1, with an average value
of —1.0+0.4 cm’ mol~'. This suggests that each
ethylene group contributes in an equal manner to the
overall change in volume for the homologous sol-
utes.

For the high-density stationary phase (Fig. 3B),
the change in molar volume is significantly greater
with values ranging from —27.1 to —104 ¢m® mol ™'
for C,, to C,,, respectively, at 30°C. As shown in
Table 1, the differential change in molar volume per
ethylene group remains constant for solutes C,, to
C g, within the statistical precision of the measure-
ments. The average value of —14.1+2.8 cm’ mol '
is approximately ten-fold higher than that for the
low-density phase under the same conditions of
temperature and pressure. In order to gain an ap-
preciation for the magnitude of this change, it is
helpful to compare with the molar volume of the
ethylene group in liquid octadecane. From the den-
sity of octadecane (0.7757 gem > at 30°C [23]), the
molar volume of the ethylene group (28 gmol ')
can be estimated as 36 cm’ mol~'. Thus, the com-
pression of the ethylene group in the high-density
octadecylsilica stationary phase is approximately
39% of its total volume in the bulk liquid. The
solutes C,, and C,, have notably smaller volume
contributions of —9.55 and —8.89 kcalmol ',
respectively, which represent compressions of the
ethylene group by 27% and 25%, respectively,
compared with the bulk liquid. Again, these results
are intuitively reasonable because the additional
carbon atoms cannot be fully embedded in the
octadecylsilica stationary phase.

3.2. Benzene homologues

In order to examine the behaviour of benzene
homologues, two series of model solutes have been
selected. The first series consists of phenanthrene
(Ph), chrysene (Chr), and picene (Pic), as shown in
Fig. 4. These homologous polynuclear aromatic
hydrocarbons have three, four, and five aromatic

PHENANTHRENE CHRYSENE PICENE

a0 00
@@%g

TETRABENZONAPHTHALENE PHENANTHRO(3,4-c)-
PHENANTHRENE

BENZO(a)PYRENE

Fig. 4. Structure of benzene homologues used as model solutes.

rings, respectively, arranged in a planar cata-anne-
lated structure [24]. The change in molar enthalpy
for these solutes is illustrated in Fig. 5. In all cases,
the change in molar enthalpy is negative which
implies that the transfer of the solute from the
methanol mobile phase to the octadecylsilica station-
ary phases is an exothermic process. For the low-
density stationary phase (Fig. 5A), the molar en-
thalpy remains small and relatively constant through-
out the examined temperature and pressure ranges.
The values range from —0.83 to —2.99 kcal mol '
for Ph to Pic, respectively, at 30°C and 1330 p.s.i.
For the high-density stationary phase (Fig. 5SB), the
change in molar enthalpy is significantly larger with
values ranging from —3.85 to —17.2 kcal mol ™' for
Ph to Pic, respectively, at 30°C and 1470 p.s.i. The
molar enthalpy remains relatively constant with
temperature for Ph and Chr, but increases signifi-
cantly for Pic with a slope AC, of 0.19
kcalmol ' °C™'. None of the homologous solutes
exhibits a discontinuous change in molar enthalpy in
the temperature region of the phase transition for
octadecylsilica. Finally, we note that the differential
change in molar enthalpy per benzene group (AAH®)
is not constant for either the low-density or high-
density stationary phase, as shown in Table 2. This
suggests that each subsequent benzene group contri-
butes more greatly to the overall change in enthalpy
for the homologous solutes.

The change in molar volume for the homologous
solutes is illustrated in Fig. 6. For the low-density
stationary phase (Fig. 6A), the change in molar
volume is positive which implies that the solute
occupies a larger volume in the octadecylsilica
stationary phases than in the methanol mobile phase.
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Fig. 5. Molar enthalpy (4H°) as a function of temperature for the
benzene homologues. (A) monomeric octadecylsilica stationary
phase with 2.7 pwmol m™* bonding density, (B) polymeric octa-
decylsilica stationary phase with 5.4 pumol m™> bonding density.
Solutes: (@) phenanthrene, (M) chrysene, (A) picene, (O)
benzo[alpyrene, ((J) tetrabenzonaphthalene, (A) phenanthro{3,4-
c]phenanthrene. Other experimental conditions as given in the
text.

The values range from +6.27 to +4.62 cm’ mol '
for Ph to Pic, respectively, at 30°C. For the high-
density stationary phase (Fig. 6B), the change in
molar volume is negative with values ranging from
~201 to —28.4 ¢cm’ mol™" for Ph to Pic, respec-
tively, at 30°C. The molar volume remains relatively
constant with temperature for Ph and Chr, but
increases significantly for Pic. Although there are
minor perturbations, no clear discontinuity in molar
volume is observed in the temperature region of the
phase transition for octadecylsilica. Finally, the
differential change in molar volume per benzene

group (A44V°) is not constant for either the low-
density or high-density stationary phase, as shown in
Table 2. This suggests that each subsequent benzene
group contributes more greatly to the overall change
in volume for the homologous solutes.

The second series of model solutes consists of
benzo[a]pyrene (BaP), tetrabenzonaphthalene
(TBN), and phenanthro[3,4-c]phenanthrene (PhPh),
also shown in Fig. 4. This combination of planar and
nonplanar polynuclear aromatic hydrocarbons has
been used to evaluate the selectivity of octa-
decylsilica stationary phases by Sander and Wise
[20,25]. For the low-density stationary phase, the
elution order is PhPh<<\BaP<TBN throughout the
examined temperature and pressure ranges. The
selectivity factors (a) for the nonplanar solutes TBN
and PhPh relative to the planar solute BaP are 1.66
and 0.75, respectively, at 30°C. Thus, this stationary
phase is consistent with intermediate or oligomeric
behaviour in the classification scheme developed by
Sander and Wise [20,25]. For the high-density
stationary phase, the elution order is PhPh<<TBN<
BaP throughout the examined temperature and pres-
sure ranges. The selectivity factors for TBN and
PhPh relative to BaP are 0.43 and 0.24, respectively,
at 30°C. Thus, this stationary phase is consistent with
polymeric behaviour in the classification scheme of
Sander and Wise [20,25].

The changes in molar enthalpy and molar volume
for these solutes are shown in Figs. 5 and 6,
respectively, and the differential changes are summa-
rized in Table 2. Several salient conclusions may be
drawn from these results. First, the general trends of
behaviour for the planar solute BaP are similar to
those of the other planar benzene homologues dis-
cussed previously. BaP has a peri-condensed struc-
ture with correspondingly smaller length-to-breadth
ratio [20,26] and larger minimum area [27] than Pic,
the cata-annelated homologue with the same number
of aromatic rings. Thus, the changes in molar
enthalpy and volume for BaP are smaller in mag-
nitude than those for Pic. In contrast, the nonplanar
solutes TBN and PhPh show distinctly different
trends. The changes in molar enthalpy and volume
for these six-ring nonplanar solutes are most compar-
able to the three-ring planar solute Ph, which serves
as a building block in their structures. The change in
molar enthalpy for TBN and PhPh decreases with



V.L. McGuffin, S. Chen / J. Chromatogr. A 762 (1997) 35—-46 43

Table 2

Differential molar enthalpy (A4H®) and molar volume (44V°) for the benzene homologues at 30°C

Solutes Low-density High-density

octadecylsilica® octadecylsilica”

AAH® A4ve A4H° 44v°

(kcal mol ') (em® mol ™) (kcal mol ") (em® mol™")
Chr—Ph ~0.80 -0.58 —3.86 —6.56
Pic—Chr ~1.36 -1.07 —9.48 -19.9
Pic —BaP ~0.70 —0.54 —7.87 —18.1
PhPh—Ph —0.20 +3.23 —0.84 +3.22
TBN—BaP +0.76 +3.55 +5.99 +17.1
PhPh—BaP +1.26 +4.35 +4.63 +11.6
PhPh—TBN +0.49 +0.80 —1.36 -5.50

* Monomeric octadecylsilica stationary phase with 2.7 wmol m ™’ bonding density.
® Polymeric octadecylsilica stationary phase with 5.4 wmol m > bonding density.

increasing temperature for both low-density and
high-density stationary phases. This gives rise to a
negative change in the heat capacity at constant
pressure  (AC,) of —0.09 and -0.03 kcal
mol ' °C™" for TBN and PhPh, respectively. The
change in molar volume is positive for both station-
ary phases, however it increases slightly with tem-
perature for the low-density stationary phase and
decreases significantly with temperature for the high-
density stationary phase. Finally, we note in Table 2
that the low-density stationary phase is characterized
by an increase in AAH° and AAV® for TBN with
respect to BaP, for PhPh with respect to BaP, and for
PhPh with respect to TBN. The high-density station-
ary phase is characterized by an increase in AAH®
and AAV° for TBN with respect to BaP and for PhPh
with respect to BaP, but a decrease in AAH° and
AAV® for PhPh with respect to TBN. Thus, the
changes in selectivity between oligomeric and poly-
meric behaviour identified by Sander and Wise
[20,25] appear to be derived from the differential
changes in molar enthalpy and volume for the
nonplanar solutes PhPh and TBN.

3.3. Comparison of methylene and benzene
homologues

Based on the results presented above, there are
several similarities and distinctions that characterize
the thermodynamic behaviour of methylene and
benzene homologues in reversed-phase liquid chro-

matography. First, it is instructive to compare the
behaviour of homologues with the same carbon
number (e.g., C,, and Ph, C,; and Chr, C,, and Pic)
in Tables 3 and 4. The methylene homologues
exhibit a significantly greater change in molar en-
thalpy than do the corresponding benzene homo-
logues for both the low-density and high-density
stationary phases. This distinction arises because the
physical and chemical structure of the methylene
homologues is identical to the octadecylsilica station-
ary phase. This template structure allows the most
favourable alignment of each methylene group and,
hence, the greatest total enthalpy of interaction. For
similar reasons, the change in molar volume is also
significantly greater for the methylene homologues
than for the corresponding benzene homologues. The
template structure allows the methylene groups to fit
and conform most closely to the interstices between
octadecyl chains in the stationary phase.

The changes in molar enthalpy and volume are
linearly related to the homologue number for the
methylene homologues, which suggests that each
group contributes equivalently to retention. It is,
therefore, not surprising that the molar enthalpy and
volume show a linear correlation, as summarized in
Table 3. Although the benzene homologues do not
exhibit the same linear relationships with homologue
number, a linear correlation is nevertheless observed
between the molar enthalpy and volume, as summa-
rized in Table 4. The thermodynamic basis of this
enthalpy—~volume correlation will be discussed in
future work [28]. It is noteworthy that the slope,
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Fig. 6. Molar volume (4V°) as a function of temperature for the
benzene homologues. (A) monomeric octadecylsilica stationary
phase with 2.7 wmol m™? bonding density, (B) polymeric octa-
decylsilica stationary phase with 5.4 wmol m~? bonding density.
Solutes as given in Fig. 5; other experimental conditions as given
in the text.

which represents the relative rate of change of molar
volume to molar enthalpy, is greater for the methyl-
ene homologues than for the benzene homologues
for both the low-density and high-density stationary
phases.

Another distinction is that the methylene homo-
logues exhibit a discontinuity in molar enthalpy and
volume at the transition temperature of octa-
decylsilica, whereas the benzene homologues do not.
The phase transition in octadecylsilica [3,5,29] and
octadecanoic acid monolayers [30,31] is not a first-
order transition (e.g., simple liquid—solid freezing or
melting) but, rather, is a second-order transition that

occurs over a very wide temperature range. It is
generally thought to be due to ordering or conversion
of carbon-carbon bonds from the gauche to the
all-trans form, beginning at the proximal or bound
end of the chain and gradually progressing to the
distal end [32]. This kind of phase transition is much
more complex than a first-order transition, and will
not affect all solutes in the same manner. The
methylene homologues can penetrate deeply into the
stationary phase [3—5] and, because of their template
structure, are most greatly influenced by subtle
changes in the octadecylsilica structure. In contrast,
the benzene homologues may only be able to pene-
trate the distal region of the stationary phase. This
premise is supported by the seminal study of Berend-
sen and De Galan [33], in which solute retention
was measured as a function of the stationary phase
chain length from 1 to 22 carbons. The benzene
homologues, naphthalene and anthracene, exhibited a
linear increase in retention up to a critical chain
length of 10.9 and 12.2 carbons, respectively, with
only a minor increase in retention thereafter. Thus, it
seems unlikely that the benzene homologues are
exposed to the proximal, more highly ordered re-
gions of the stationary phase at the transition tem-
perature. It has been noted that these homologues
begin to exhibit smoothly varying changes in re-
tention at lower temperatures [34—36], perhaps as the
distal regions become more ordered.

4. Conclusions

In this study, we report the first systematic mea-
surements of the change in molar volume for methyl-
ene and benzene homologues. These measurements,
when accompanied by the more traditional measure-
ments of the change in molar enthalpy, can provide
detailed information and insight concerning the
equilibrium distribution of the homologous solutes
between the mobile and stationary phases. Although
the present study was limited to a simple chromato-
graphic system with a pure methanol mobile phase
and octadecylsilica stationary phases, it is apparent
that this approach can now be applied with confi-
dence to more complex systems. Such studies will be
an essential step toward the evaluation and elucida-
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Table 3

45

Correlation of molar enthalpy (AH®) and molar volume (4V°) for the methylene homologues at 30°C

Solutes Low-density High-density
octadecylsilica® octadecylsilica”
AH® AV° AH® Av°
(kcal mol ") (ecm” mol ") (kcal mol ") (cm® mol ™)
C, -1.74 +1.92 -10.6 -27.1
C, -2.19 +0.11 —14.2 -374
C. -2.58 —-0.68 -17.8 -51.7
C -2.97 —1.44 -21.4 —68.6
C -337 -233 -252 -834
Cy —=3.79 -3.17 —~28.1 -92.9
C,. —4.20 —4.31 -30.5 -104
Siope 2.37 cm” keal ™' 3.93 cm’ keal ™'
Intercept 5.64 cm’ mol ™’ 16.6 cm’ mol
Correlation coefficient 0.987 0.997
* Monomeric octadecylsilica stationary phase with 2.7 wmol m * bonding density.
" Polymeric octadecylsilica stationary phase with 5.4 wmol m ™~ bonding density.
Table 4
Correlation of molar enthalpy (AH®) and molar volume (4V°) for the benzene homologues at 30°C
Solutes Low-density High-density
octadecylsilica® octadecylsilica®
AH® ave AH® 4ve
(kcal mol ™) (cm’ mol ™) (keal mol ™) {cm’ mol ™)
Ph —0.83 +6.27 -3.85 -2.01
Chr -1.63 +5.69 71 —8.57
Pic —2.99 +4.62 —-17.2 —284
Slope 0.77 cm” keal ™' 2.00 cm’ keal ™'
Intercept 6.92 cm’ mol ™! 6.16 cm’ mol ™'
Correlation coefficient 1.000 0.998

* Monomeric octadecylsilica stationary phase with 2.7 wmol m ™ bonding density.
" Polymeric octadecylsilica stationary phase with 5.4 wmol m~* bonding density.

tion of the retention mechanism in reversed-phase
liquid chromatography.
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