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Thermodynamic and Kinetic
Characterization of Porous Graphitic
Carbon in Reversed-Phase Liquid
Chromatography

Yuening Zhang and Victoria L. McGuffin
Department of Chemistry, Michigan State University, East Lansing,
Michigan, USA

Abstract: The thermodynamics and kinetics of solute transfer on porous graphitic
carbon (PGC) are studied for two series of aromatic hydrocarbons, alkylbenzenes
and methylbenzenes. The retention behavior is characterized as a function of tempera-
ture, pressure, length of alkyl chain, and number and position of methyl substituents. In
the thermodynamic studies, the retention factor (k) increases with an increase in the
length of alkyl chain or number of methyl substituents. The data indicate that
increases in the number of methylene and methyl substituents result in more
negative changes in molar enthalpy (AHj,). Hence, the transition from mobile to
stationary phase is a more energetically favorable, exothermic process with each
methylene or methyl group added. The data also show that the change in molar
volume (AVy,,) is close to zero, which is consistent with an adsorption mechanism
on PGC. Enthalpy-entropy compensation is observed for both homologous series,
and the compensation temperature suggests that the retention mechanism is distinctly
different for the methylene and methyl groups. In the kinetic studies, the rate of solute
transfer increases with an increasing number of methylene and methyl groups. The acti-
vation enthalpy from the stationary phase to transition state (AHy) is found to increase
with an increasing number of methylene and methyl groups. But the activation enthalpy
from the mobile phase to transition state (AHy,,) is much smaller than AHy, and, at the
same time, is very similar for all the solutes. The activation volumes (AV; and AVy,,)
are very close to zero, again owing to the adsorption mechanism on PGC. These results
demonstrate that the retention mechanism for PGC, which is based on adsorption, is
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different from that for octadecylsilica, the most widely used stationary phase in liquid
chromatography.

Keywords: Thermodynamics, Kinetics, Porous graphitic carbon, Reversed-phase
liquid chromatography, Alkylbenzenes, Methylbenzenes

INTRODUCTION

Porous graphitic carbon (PGC) is a very attractive stationary phase
for reversed-phase liquid chromatography.!"! It is produced from a silica
template, which is impregnated with phenol and hexylamine and heated
gradually to 150°C. This silica-polymer is heated to 900°C in nitrogen, then
treated with aqueous potassium hydroxide to dissolve the silica template.
The remaining carbonaceous material is heated to 2,500°C in argon. The
final product is a two dimensional form of graphite with a unique sponge-
like structure, which gives it good mechanical strength while maintaining suf-
ficient surface area and porosity. Graphite is a crystalline material made up of
sheets containing hexagonally arranged carbon atoms linked by aromatic (1.5
order) bonds. There are, in principle, no adventitious functional groups on the
surface because the aromatic carbon atoms have all valencies satisfied. Perfect
graphite is, therefore, an intrinsically reproducible material with a completely
uniform surface, free from any functional groups.”? Furthermore, graphite is
one of the most unreactive substances known and can withstand any mobile
phase that will not attack the chromatographic equipment itself.!

Porous graphitic carbon can achieve separations of nonpolar,'*! polar,*!
and ionized organic compounds,”’ as well as geometric and positional
isomers.® A number of very unusual separations can be successfully
performed with PGC as stationary phase. These separations are difficult or
impossible with more conventional reversed-phase materials, such as octade-
cylsilica or polystyrene-divinylbenzene polymers. Although significant efforts
have been invested in the applications of PGC in both chromatography and
extraction, the retention mechanism is far from being understood. Limitations
in both theory and experimental design have hindered definitive quantitative
analysis. The investigations of molecular contributions to retention on PGC
have been limited primarily to retention and selectivity factors.””*! Virtually
no studies have sought to characterize the change in molar enthalpy and
molar volume, which provide insight into how molecules interact with the
stationary phase. In addition to thermodynamic information, the kinetics of
retention have also been largely overlooked. The kinetics of retention are
important because they provide insight into the rate at which transitions
occur, as well as the energy barriers that exist for a molecule to transfer
from one phase to another. A detailed thermodynamic and kinetic study will
help to understand and characterize the retention mechanism of PGC.
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THEORY

In order to characterize the solutes undergoing adsorption on the PGC station-
ary phase, it is necessary to utilize a theoretical approach by which they can be
compared. The relationships of chemical thermodynamics and kinetics
provide such an approach.”~'"! The thermodynamic parameters describe
the path-independent measures of solute transfer from mobile to stationary
phase. These parameters are calculated from the retention factor (k), which
is a function of the retention times of the solute (t,) as well as a nonretained
compound (tg)

. —1tp
to

k=

(1

The retention factor can be related to the changes in molar enthalpy (AH) and
molar entropy (AS) through the van’t Hoff equation

—AH AS

where R is the gas constant, T the absolute temperature, and 3 the phase ratio.
This equation allows for the calculation of AH from the slope of a graph of In k
versus 1/T at constant pressure. The intercept contains information about the
change in molar entropy as well as the phase ratio, which is the ratio of
the volume of mobile and stationary phases. Because the phase ratio is not
accurately known, the change in molar entropy cannot be reliably calculated.
The retention factor can be related to the pressure (P) by

(—AE + TAS — PAV)

Ink =
n RT

—Ing 3)

where AE is the change in molar internal energy and AV is the change in molar
volume. This equation allows for the calculation of AV from the slope of a
graph of In k versus P at constant temperature.

To gain a greater understanding of the balance of thermodynamic
contributions to solute retention, enthalpy-entropy compensation is very
useful.'*"3! For a homologous series of solutes that obey a linear free
energy relationship, there exists a hypothetical temperature at which the
relative changes in enthalpy and entropy are balanced and the net change in
free energy is zero. The retention factor can be related to the change in free
energy (AG) at the compensation temperature (T.) by

~AH/1 1\ AGr
lnk_—<T—T—c>+ ~InB 4)

R RT.

Thus, a graph of the natural logarithm of the retention factor versus the change
in molar enthalpy may be used to evaluate enthalpy-entropy compensation. If
compensation occurs, this graph will be linear and the slope can be used to
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calculate the compensation temperature. The compensation temperature may
be used to compare the retention mechanisms for different solutes, different
mobile phases, or different stationary phases. As discussed by Ranatunga
et al.,""*if the compensation temperatures are identical, then the relative con-
tributions of enthalpy and entropy to the overall free energy are the same for
the two systems. However, if the compensation temperatures are different,
then the underlying retention mechanism must be distinctly different.

The kinetic parameters describe the path-dependent measures of
solute transfer from mobile to stationary phase. From the retention factor
(Equation (1)), the rate constants from mobile to stationary phase (k) and
from stationary to mobile phase (k) are defined by

2kty
kms = 7 (5 )
kgn = k k _ 2K (6)
sm — ms — 7'2

where 7% is the variance arising from slow kinetics.!'*"*! During the transfer
between the mobile and stationary phases, the solute passes through a short-
lived, high-energy transition state (f). The Arrhenius equation is used to
calculate the associated kinetic parameters

B ARy,
Inkon = In Ay, = ()
Inkms = InA -AE% (8)
ms = AL TRT

where A.,, and A, are the pre-exponential factors and AE,, and AE are the
activation energies. Thus, AE;,, or AE, can be calculated from the slope of
a graph of In kg, or In ky, respectively, versus 1/T at constant pressure.
The activation enthalpies (AH;,,,, AH;,) can be calculated as

AHim = AEim —RT + PAVim )
AH:[s = AEj;s —RT + PAVj;s (10)
Using a similar method to the thermodynamic equations,

—AE; +TASy, —PAV;
( 1 i i)

Inkgy = _T (1
(-AE3-+TAS$-—PAViJ
In Ky = ; ; (12)
RT

the activation volumes (AVy,, and AV,) are calculated from the slope of a
graph of In kg, or In k., respectively, versus P at constant temperature.
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In this traditional approach, the retention process is considered to be
analogous to a simple chemical reaction. Hence, it is important to understand
the meaning of the derived parameters. The thermodynamic parameters
(retention factor, changes in molar enthalpy and molar volume) represent
the weighted average for all possible states of the solute in the mobile and
stationary phases. Accordingly, the kinetic parameters (rate constant,
activation enthalpy, and activation volume) represent the weighted average
of all possible paths between all possible states. The kinetic parameters
are a lumped sum of all processes including slow diffusion in the mobile
phase, stationary phase, and pores, slow interfacial mass transport, and slow
adsorption and desorption. Although this thermodynamic and Kkinetic
treatment is an overt simplification, it provides much information about the
retention process.

EXPERIMENTAL
Solutes

Eighteen aromatic hydrocarbons have been chosen to investigate the effect of
the length of alkyl chain and number of methyl substituents on the thermodyn-
amics and kinetics of retention on porous graphitic carbon. The alkylbenzenes
(Figure 1) were chosen as a homologous series to study the effects of
methylene addition on retention. Benzene, ethylbenzene, propylbenzene, butyl-
benzene, pentylbenzene, and hexylbenzene were obtained from Aldrich. The
methylbenzenes (Figure 2) were chosen as a homologous series to study
the effects of methyl substituent addition on retention. Toluene, o-xylene,

Figure 1. Structure of alkylbenzenes used to study retention on porous graphitic
carbon.
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Figure 2. Structure of methylbenzenes used to study retention on porous graphitic
carbon.

m-xylene, p-xylene, 1,2,3-trimethylbenzene, 1,2,4-trimethylbenzene 1,3,5-
trimethylbenzene, 1,2,3,5-tetramethylbenzene, 1,2,4,5-tetramethylbenzene,
pentamethylbenzene, and hexamethylbenzene were obtained from Aldrich.
Mixed standard solutions were prepared around 107> M in high purity
methanol (Burdick and Jackson, Baxter Healthcare) such that there was no
overlap of solute zones at any temperature and pressure. A nonretained
marker, acetonitrile, was added to each solution at a concentration of 1 M.

Chromatographic System

The chromatographic system is shown schematically in Figure 3. It includes a
single-piston reciprocating pump (Model 114 M, Beckman Instruments)
operating in constant pressure mode (+ 15 psi) over the range of 6.90 x 10°
to 3.45 x 107 Pa (1000 to 5000 psi). The pump allows for the mobile phase,
methanol, to be supplied continuously without the need for depressurization
during the refill cycle. At all pressures, the flow rate was maintained at
approximately 1 mL/min at room temperature.

Samples are introduced by means of a manual injection valve (20 pL,
Model 7125, Rheodyne Instruments). Once the sample is introduced, it is
carried by the methanol mobile phase to the column. The Hypercarb
column is supplied by Shandon HPLC (100 x 4.6 mm i.d., mean particle
diameter 7 pm). At the end of the column, a 100 pum i.d. fused-silica
capillary (Polymicro Technologies) is attached to serve as a restrictor. The
length of the restrictor is reduced as the inlet pressure is decreased in order
to maintain a constant pressure drop along the column (3.31 x 10 Pa/cm,
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Figure 3. Schematic diagram of the chromatographic system. I = injector,
R = restrictor.

QOven

48 psi/cm). The injector, column, and restrictor are all housed within an oven
(Model SM900, Anspec Instruments) that maintains a constant temperature
(£0.1 K) through the use of resistive heating coils. The oven was operated
through the temperature range of 296 to 326 K.

The spectroscopic technique used for detection is ultraviolet-visible
absorbance. As shown in Figure 3, a commercially available detector
(Model UVIDEC-100-V, JASCO) is directly coupled to the column, such
that the effluent is directed to a capillary flow cell. The flow cell is a transpar-
ent fused-silica capillary of 180 wm i.d., able to hold high pressure in the
chromatographic system. The wavelength for detection (210 nm) is chosen
on the basis of the absorption maximum of the solutes and nonretained
marker. The output from the detector is directed to a data acquisition board
(Model PCIMIO-16XES50, National Instruments) and computer with associ-
ated software (Labview v3.1, National Instruments).

Data Treatment and Analysis

After collection, the zone profile for each solute is extracted from the chroma-
togram using the previously established conditions for the minimum number
of points, integration limits, and signal-to-noise ratio.!'®! After extraction, the
zone profiles are iteratively fit by nonlinear regression using a commercially
available program (Peakfit v3.18, Jandel Scientific).

There are a variety of methods for the determination of thermodynamic
and kinetic parameters from zone profiles.””! Statistical moment methods
are among the most common. However, the accuracy of the statistical
moment calculation depends considerably upon the parameters noted above,
particularly the integration limits and signal-to-noise ratio."'*~'®! As a result
of these limitations, nonlinear regression to the Gaussian, exponentially
modified Gaussian (EMG), and other equations has been widely utilized.!"'!
The Gaussian and EMG equations provide fitting parameters that are directly
related to the statistical moments and, hence, to the thermodynamic and
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kinetic parameters. As a result, these equations were initially chosen to charac-
terize the chromatographic zone profiles. Typically, the Gaussian equation
produced nonrandom residuals with a relatively small value for the square of
the correlation coefficient (R* = 0.968—0.988). The EMG equation provided
a significantly better fit with only small residuals around the maximum or
end of the zone profiles. Moreover, the EMG equation yielded better statistical
results than the Gaussian equation (R2 =0.992-0.999). On the basis on these
results, the EMG model was used throughout these studies. The EMG is a con-
volution of a Gaussian and an exponential function with the following form:

A o2 tg — t) ( (t —tg O ) >
Ct)=—exp|=— + —— || erf —— ] +1 13
© 27 P(sz T 2o 27 (13
where A is the area, tg is the mean of the Gaussian component, o is the standard
deviation of the Gaussian component, and 7 is the standard deviation of the

exponential component. Thermodynamic parameters are derived from the
first statistical moment or retention time, which is calculated as

tLt=tg+T1 (14)

and then substituted in Equation 1. Kinetic parameters are related to the second
statistical moment, which is calculated as o + 7. Zone broadening that arises
from symmetrical processes is quantified by o, whereas broadening that
arises from asymmetrical processes is quantified by 7. Asymmetric broadening
may arise from several sources within the chromatographic system, including
volumetric (e.g. injectors, unions, etc.), electronic (e.g. amplifiers), and physico-
chemical processes (e.g. nonlinear isotherms, kinetics, etc.). The asymmetry
that arises from instrumental sources can be minimized by careful experimental
design, which is verified by negligible asymmetry of the nonretained marker.
Thus, the kinetics of retention can be determined from the exponential
variance after ensuring that the solute concentration is within the linear range
of the isotherm. The kinetic parameters can then be calculated from Equations
(5) and (6). The accuracy and precision of thermodynamic and kinetic par-
ameters determined in this manner have been evaluated in previous work.'%!!

RESULTS AND DISCUSSION

Alkyl-substituted benzenes were chosen as the solutes for two reasons.
First, they comprise a homologous series that is useful to establish trends in
thermodynamic and kinetic behavior. Second, these solutes are of great
environmental importance. BTEX is the collective name of benzene,
toluene, ethylbenzene, and the xylene isomers. BTEX compounds are the
most common aromatic compounds in petroleum, and are widely used in
the manufacture of paints, synthetic rubber, and agricultural chemicals.”*”’
BTEX in petroleum can directly affect the physical and chemical
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properties,’”® and can frequently enter soil, sediments, and groundwater
because of accidental oil spills, leakage of gasoline and other petroleum
fuels, and improper waste disposal practices. BTEX are hazardous carcino-
genic and neurotoxic compounds and are classified as priority pollutants
regulated by the U.S. Environment Protection Agency.?"!

Thermodynamic Behavior
Retention Factor

By using Equation (1), the retention factor for each solute was calculated
on PGC using a methanol mobile phase. The results of these calculations
are summarized in Tables 1 and 2. For the homologous series of alkylbenzenes
(Table 1), the retention factor increases with alkyl chain length at all tempera-
tures and pressures. Solutes with longer alkyl chains are more retained due to
increased dispersion forces of the methylene groups with the stationary phase.
The only exceptions are toluene and ethylbenzene, which produce very similar
retention factors. This may be due to the greater effect on retention produced
by an independent methyl substituent, which is discussed below.

The effect of temperature on the retention factor is very pronounced on
porous graphitic carbon. For all alkylbenzenes, an increase in temperature
results in a decrease in the retention factor. Solutes with longer alkyl chains

Table 1. Retention factors (k) and kinetic rate constants (K, ksm) for alkylbenzenes
on porous graphitic carbon

Ak/k Ak/k Kons Kem
Solute I | O S < k¢ G A N S Ol &
Benzene 0.16 0.16 —-49 0.16 0.16 1.9 5.9 1.0
Toluene 036 031 -—16 0.34 033 —-1.2 13 49
Ethylbenzene 0.37 030 —17 034 0.33 -0.9 12 4.5
Propylbenzene  0.53 043 —18 049 049 -04 15 8.4
Butylbenzene 0.80 0.62 —23 0.71 0.71 —=0.1 17 14
Pentylbenzene 143 104 —28 1.23  1.24 1.3 16 24
Hexylbenzene 234 156 —33 190 193 1.5 15 37

“Retention factor calculated at T = 298 K and P = 3.28 x 10’ Pa (4760 psi).

PRetention factor calculated at T = 326 K and P = 3.28 x 10’ Pa (4760 psi).

“‘Ak/k (%) = 100 x & — k% /k™

9Retention factor calculated at T = 309 K and P = 5.24 x 10° Pa (760 psi).

“Retention factor calculated at T = 309 K and P = 3.28 x 107 Pa (4760 psi).

TAk/k (%) = 100 x (k° — k%) /K%

SRate constants for the stationary to mobile phase transfer at T =295 K and
P = 5.24 x 10° Pa (760 psi).

"Rate constants for the mobile to stationary phase transfer at T = 295K and
P = 5.24 x 10° Pa (760 psi).
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Table 2. Retention factors (k) and kinetic rate constants (ky,s, k) for methylbenzenes on porous graphitic carbon

Ak/k Ak/k Kins Kem
Solute K¢ K’ (%)° K4 K¢ (%Y (s™hHs (s~ hH
Benzene 0.16 0.16 —-49 0.16 0.16 1.9 5.9 1.0
Toluene 0.36 0.31 —16 0.34 0.33 —-1.2 13 4.9
o-Xylene 0.99 0.75 -25 0.87 0.87 —-0.2 14 14
m-Xylene 0.82 0.64 —-22 0.73 0.73 —-0.1 16 14
p-Xylene 0.96 0.72 —26 0.83 0.85 34 15 15
1,2,3-Trimethylbenzene 2.98 2.03 -32 2.48 2.50 0.9 14 45
1,2,4-Trimethylbenzene 2.52 1.72 -32 2.08 2.14 29 15 38
1,3,5-Trimethylbenzene 1.80 1.28 —-29 1.52 1.55 1.8 20 38
1,2,3,5-Tetramethylbenzene 7.00 4.36 —38 5.53 5.63 1.7 3.5 25
1,2,4,5-Tetramethylbenzene 7.19 4.48 —-38 5.69 5.88 34 16 121
Pentamethylbenzene 245 15.2 —38 20.5 20.9 1.8 35 99
Hexamethylbenzene 100 50.9 —49 71.0 74.8 53 2.7 292

“Retention factor calculated at T = 298 K and P = 3.28 x 10’ Pa (4760 psi).
PRetention factor calculated at T = 326 K and P = 3.28 x 107 Pa (4760 psi).

“Ak/k (%) = 100 x K°— k) /k™
9Retention factor calculated at T = 309 K and P = 5.24 x 10° Pa (760 psi).
“Retention factor calculated at T = 309 K and P = 3.28 x 10’ Pa (4760 psi).

TAk/k (%) = 100 x (k° — k%) /K%

SRate constants for the stationary to mobile phase transfer at T = 295 K and P = 5.24 x 10° Pa (760 psi).
"Rate constants for the mobile to stationary phase transfer at T = 295 K and P = 5.24 x 10° Pa (760 psi).

09<T
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demonstrate a greater change in retention factor (Ak/k), ranging from —4.9%
for benzene to —33% for hexylbenzene for temperatures from 298 to 326 K. In
contrast, the effect of pressure is much smaller on PGC. The change in
retention factor for all alkylbenzenes typically ranges from —1.2% to 1.9%
for pressures from 5.24 x 10° to 3.28 x 10’ Pa (760 to 4760 psi). This
change is not statistically significant, considering the error in the
measurement.

For the homologous series of methylbenzenes (Table 2), the retention
factor increases with the number of methyl substituents at all temperatures
and pressures. Solutes with more methyl substituents are more retained due
to increased dispersion forces, as well as increased electron density of the
phenyl ring arising from the electron-donating methyl groups. Each group
of positional isomers produces similar retention factors. For example, the
xylene isomers have similar retention factors at the same temperature and
pressure. However, m-xylene is least retained because it has the lowest
electron density of the phenyl ring among the isomers. Likewise, the tri-
methylbenzene isomers have similar retention factors, but 1,3,5-trimethylben-
zene is the least retained for the same reasons. The tetramethylbenzene
isomers also have similar retention factors.

The effect of temperature on the retention factor again is very pronounced.
For all methylbenzenes, an increase in temperature results in a decrease in the
retention factor. Solutes with more methyl substituents demonstrate a greater
change of retention factor, ranging from —4.9% for benzene to —49% for hexa-
methylbenzene for temperatures from 298 to 326 K. In contrast, the effect of
pressure is again much smaller on PGC. The retention factors for all methylben-
zenes change very little with pressure, typically —1.2% to 5.3% for pressures
from 5.24 x 10° to 3.28 x 10’ Pa (760 to 4760 psi).

Comparing the retention factors between the alkylbenzene and methyl-
benzene series, it can be concluded that the addition of a methyl group
produces a greater effect on retention than a methylene group. This is
because the methyl group can change the electron density of the phenyl ring
to a greater extent than the methylene group. Furthermore, the methyl
groups are a serial addition at different points of attachment, which will
further increase retention, whereas the methylene groups are a serial
addition at the same point of attachment.

Molar Enthalpy

By using Equation (2), the change in molar enthalpy was calculated. A repre-
sentative graph used in the calculation of the change in molar enthalpy is
shown in Figure 4. For all solutes at all pressures, the data are linear
(R* = 0.973-0.999) and the slope of the line is positive. A linear graph
indicates that the change in molar enthalpy is constant with temperature. A
positive slope is demonstrative of a negative change in molar enthalpy,
which indicates that the transition from the mobile to stationary phase is an
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Figure 4. Representative graph of the logarithm of retention factor versus inverse
temperature used to calculate the change in molar enthalpy according to Equation (2).
Column: porous graphitic carbon, 100 x 4.6 mm i.d., 7 um particle size. Mobile
phase: methanol, 1.21 x 107 Pa (1760 psi), 0.955 mL/min. Solutes: toluene (),
m-xylene (M), 1,3,5-trimethylbenzene (A), 1,2,4,5-tetramethylbenzene (O), penta-
methylbenzene (L), hexamethylbenzene (A).

energetically favorable exothermic process. Molar enthalpies for
alkylbenzenes and methylbenzenes at different pressures are summarized in
Tables 3 and 4.

The alkylbenzenes (Table 3) illustrate a trend of decreasing change in
molar enthalpy, where retention becomes more exothermic as the number of
methylene groups increases. The differential change in molar enthalpy
(AAH) versus carbon number for alkylbenzenes can be calculated. From
benzene to toluene, AH changes by about —3 kJ/mol. But from toluene to pro-
pylbenzene, the change in AH is very small at approximately —0.5 kJ/mol.
This small change suggests that the addition of one methylene group at this
stage does not significantly affect the retention. Thereafter, the change in
AH becomes relatively constant at approximately —2 kJ/mol. The change in
molar enthalpy for alkylbenzenes with pressure is very small and statistically
insignificant.

The methylbenzenes (Table 4) also illustrate a decreasing change in molar
enthalpy as the number of methyl groups increases. Solutes with the same
number of methyl substituents have similar changes in molar enthalpy. For
example, the xylene isomers have comparable molar enthalpies of approxi-
mately —8 kJ/mol. The same is true for the trimethylbenzene isomers, with
molar enthalpies of approximately — 11 kJ/mol, and the tetramethylbenzene
isomers, with molar enthalpies of approximately — 14 kJ/mol. The differential
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Table 3. Molar enthalpy (AH) and molar volume (AV) for alkylbenzenes on porous
graphitic carbon

AH AH AV AV

Solute (kJ/mol)* (kJ/ mol)” (cm® /mol)* (cm® / mol)?
Benzene -23+038 —1.6 £ 02 —-0.2+02 02402
Toluene -51+05 -5.0+03 03+ 0.2 0.2 + 0.1
Ethylbenzene —56+05 —54+04 02+ 0.2 —03+0.2
Propylbenzene —58+03 —-57+04 —-04+0.2 03+ 0.2
Butylbenzene —-7.6+04 -73+03 02+ 0.2 03+0.2
Pentylbenzene -94+03 -9.14+03 -03+02 04 +03
Hexylbenzene —-11.7+ 04 —-11.2 + 04 03 +0.3 -02+0.2

“Molar enthalpy (AH) calculated at T =295 to 327K and P=5.24 x 10° Pa
(760 psi).

PMolar enthalpy (AH) calculated at T =297 to 326 K and P = 3.28 x 10’ Pa
(4760 psi).

“Molar volume (AV) calculated at T = 296 K and P = 5.24 x 10° to 3.28 x 10’ Pa
(760 to 4760 psi).

“Molar volume (AV) calculated at T = 327 K and P = 5.24 x 10°t0 3.28 x 10’ Pa
(760 to 4760 psi).

Table 4. Molar enthalpy (AH) and molar volume (AV) for methylbenzenes on porous
graphitic carbon

AH AH AV AV
Solute (kJ /mol)* (kJ/ mol)’?  (em® /mol)* (cm?® / mol)?
Benzene -234+08 —-16+02 —-024+02 02+02
Toluene -514+05 —-504+03 0.3+0.2 0.2+ 0.1
o0-Xylene —-82+02 —-794+03 03+02 —-02+02
m-Xylene -774+05 —-714+04 —-044+02 02+02
p-Xylene -834+03 —-86+03 02 +0.2 02+02
1,2,3-Trimethylbenzene —11.1 £ 0.1 —109 + 0.2 03+02 —-04+03
1,2,4-Trimethylbenzene —-11.1 £ 0.2 —10.8 + 0.2 03+ 0.3 02+02
1,3,5-Trimethylbenzene —-101 +£01 —-96+02 —03+02 03+0.2
1,2,3,5-Tetramethylbenzene —13.6 + 0.1 —13.3 + 0.3 04+03 —-05+04
1,2,4,5-Tetramethylbenzene —13.9 + 0.2 —13.4 + 0.1 03+0.2 04+02
Pentamethylbenzene -165+03 —156+ 0.1 —0.6+02 0.6 + 04
Hexamethylbenzene —20.1 +04 —19.6 + 04 0.6 + 0.3 0.7+ 0.3

“Molar enthalpy (AH) calculated at T =295 to 327K and P=5.24 x 10° Pa

(760 psi).

PMolar enthalpy (AH) calculated at T =297 to 326 K and P = 3.28 x 10’ Pa

(4760 psi).

“Molar volume (AV) calculated at T = 296 K and P = 5.24 x 10° to 3.28 x 10’ Pa

(760 to 4760 psi).

“Molar volume (AV) calculated at T = 327 K and P = 5.24 x 10°to 3.28 x 10’ Pa

(760 to 4760 psi).
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change in molar enthalpy versus carbon number for the methylbenzenes is
relatively constant at around —2.5 kJ/mol. This value is slightly larger than
that for the alkylbenzenes when the carbon number is greater than three.
The constant change suggests that the addition of each methyl group
produces a similar effect on retention. The methylbenzenes also demonstrate
very small differences in molar enthalpy at different pressures.

To understand the mobile phase contribution to these trends, the excess
enthalpies for some solutes were estimated from the literature.'””*** For the
first three solutes in the alkylbenzene series, benzene has the smallest and
ethylbenzene the largest excess enthalpy. For example, the excess enthalpies
for benzene, toluene, and ethylbenzene are 0.0783, 0.0885, and 0.117 kJ/mol,
respectively, at a mole fraction of 0.052 in methanol.'*?! As the mole fraction
decreases, toluene and ethylbenzene approach very similar excess enthalpies.
These trends are consistent with those reported herein, where benzene exhibits
the smallest absolute value of molar enthalpy, while toluene and ethylbenzene
are larger and relatively comparable. For the xylene series, o- and m-xylene
have very similar excess enthalpies, whereas p-xylene has a smaller value.
For example, the excess enthalpies for o-, m-, and p-xylenes are 0.139,
0.133, and 0.125kJ/mol, respectively, at a mole fraction of 0.056 in
methanol.”>’! These trends are not consistent with those reported herein,
where m-xylene has the smallest absolute value of the molar enthalpy and
o- and p-xylene are larger and relatively comparable. Hence, the mobile
phase contributions can account for the general trends of increasing molar
enthalpy with increasing number of methylene and methyl groups, but
cannot account for the variations of positional isomers. These variations are
more likely attributable to specific interactions with the graphitic surface.

To understand the stationary phase contribution to these trends, it is helpful to
compare with octadecylsilica stationary phases. For low-density monomeric octa-
decylsilica, the change in molar enthalpy (AH) ranges from — 7.3 to — 17.6 kJ /mol
for fatty acids C;q to Cyy, respectively, at 303 Kand 9.17 x 10° Pa (1330 psi). The
differential change in molar enthalpy per methylene group (AAH) remains
relatively constant, with an average value of — 1.3 kJ/mol."**! For high-density
polymeric octadecylsilica, the change in molar enthalpy ranges from —44 to
—128 kJ/mol for fatty acids Cjy to C,, respectively, at 303 K and
1.01 x 10" Pa (1470 psi).”* The differential change in molar enthalpy per
methylene group remains constant, with an average value of —3.9 kJ/mol (24).
Thus, the change in molar enthalpy on PGC is intermediate between those of
low-density monomeric and high-density polymeric octadecylsilicas.

Molar Volume

Similar to the molar enthalpy, the molar volume also provides insight into the
effects that arise from structure. By using Equation (3), the change in molar
volume was calculated. A representative graph used in the calculation of
the change in molar volume is depicted in Figure 5. For all solutes at all
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Figure 5. Representative graph of the logarithm of retention factor versus pressure
used to calculate the change in molar volume according to Equation (3). Column: por-
ous graphitic carbon, 100 x 4.6 mm i.d., 7 wm particle size. Mobile phase: methanol,
327 K, 1.38 mL/min. Solutes: toluene ( ® ), m-xylene (M), 1,3,5-trimethylbenzene (A),
1,2,4,5-tetramethylbenzene (O), pentamethylbenzene ([J), hexamethylbenzene (A).

temperatures, the data are relatively linear. However, because of the small
change in retention factor with pressure, the square of the correlation coeffi-
cient is small (R? = 0.549—0.889). A linear graph indicates that the molar
volume is constant with pressure. The slope of the line is slightly positive
or negative. A negative slope results in a positive change in molar volume,
which indicates that the solute occupies more space in the stationary phase
than in the mobile phase. Conversely, a positive slope indicates that the
solute transfer from the mobile to stationary phase results in a smaller
volume. Representative data for the alkylbenzenes and methylbenzenes are
contained in Tables 3 and 4.

Overall, the change in molar volume is very small on PGC. Considering
the uncertainty in measurement, the change in molar volume is very close to
zero. This is consistent with the retention mechanism on PGC, which is based
on adsorption and desorption of the solute molecules from the solid stationary
surface, rather than partition of the solute molecules into the stationary phase
as on octadecylsilica. The change in molar volume for methylene homologues
on low-density monomeric octadecylsilica ranges from 1.9 to —4.3 cm’ /
mol,"** which is greater than that on PGC. The change in molar volume for
methylene homologues on high-density polymeric octadecylsilica ranges
from —27 to —104 cm®/mol,'** which is much greater than that on PGC.
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Enthalpy-Entropy Compensation

More detailed information about the retention process can be obtained from
enthalpy-entropy compensation. As shown in Equation (4), a graph of the
logarithm of the retention factor versus the negative change in molar
enthalpy for a homologous series can be used to evaluate enthalpy-entropy
compensation. Representative graphs for the alkylbenzenes and methylben-
zenes are shown in Figures 6 and 7. It is apparent that these graphs are
linear (R* = 0.985-0.987), which confirms that enthalpy-entropy compen-
sation occurs for both homologous series. However, the slopes of these
graphs, which are related to the compensation temperatures, are distinctly
different. The compensation temperature for the alkylbenzenes is determined
to be 1050 K, whereas that for the methylbenzenes is 3400 K. The compen-
sation temperature represents the ratio of the differential changes in molar
enthalpy and molar entropy (T. = AAH/AAS). Hence, the large magnitude
of these values suggests that the retention process is strongly dominated by
enthalpic contributions. This predominance is clearly more significant for
the methyl group (methylbenzenes) than for the methylene group (alkylben-
zenes). The positive sign of the compensation temperatures suggests that
the signs of AAH and AAS are the same. Given that AAH is negative, as

RETENTION FACTOR
t

0.1 t 4 + + +

- CHANGE IN MOLAR ENTHALPY (kJ/mol)

Figure 6. Representative graph of the logarithm of retention factor versus the nega-
tive change in molar enthalpy used to evaluate enthalpy-entropy compensation accord-
ing to Equation (4). Column: porous graphitic carbon, 100 x 4.6 mm i.d., 7 pm
particle size. Mobile phase: methanol, 297 to 326 K, 3.28 x 107 Pa (4760 psi). Solutes:
alkylbenzenes.
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Figure 7. Representative graph of the logarithm of retention factor versus the nega-
tive change in molar enthalpy used to evaluate enthalpy-entropy compensation accord-
ing to Equation (4). Column: porous graphitic carbon, 100 x 4.6 mm i.d., 7 pm
particle size. Mobile phase: methanol, 297 to 326 K, 3.28 x 107 Pa (4760 psi). Solutes:
methylbenzenes.

discussed above, this implies that AAS is also negative. Thus, the favorable
changes in molar enthalpy are compensated by unfavorable changes in
molar entropy for both homologous series. However, the disparate values
for the compensation temperatures suggest that the retention mechanism is
distinctly different for the methylene and methyl groups on PGC.

These compensation temperatures for PGC are significantly larger than
those for octadecylsilica. The compensation temperature for methylene hom-
ologues on low-density monomeric octadecylsilica is 750 K, whereas that on
high-density polymeric octadecylsilica is 330 K.[**! Hence, the enthalpic
component is more important on PGC than on octadecylsilica and the
retention mechanism is distinctly different.

Kinetic Behavior

Although the thermodynamic data demonstrate the steady-state aspects, they
do not fully explain the mechanism of retention. Using Equations (5-12),
the pseudo-first-order rate constants, activation enthalpies, and activation
volumes were calculated. These values help to quantify the kinetic aspects
of solute transfer between the mobile and stationary phases.
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Rate Constants

Representative values of the rate constants are summarized in Tables 1 and 2.
For the alkylbenzenes (Table 1), generally the molecules with a greater
number of methylene groups exhibit larger rate constants for the mobile to
stationary phase (kg,) and stationary to mobile phase (k) transitions.
From benzene to butylbenzene, the rate limiting step is the transfer from
mobile to stationary phase (i.e., ks > Kqn) because the retention factor,
which is the ratio of kg, and k,,, is less than unity. However, for pentyl-
benzene and hexylbenzene, the rate limiting step is the transfer from stationary
to mobile phase (i.e., kns < ks,,) because the retention factor is greater
than unity.

For the methylbenzenes (Table 2), generally the molecules with a greater
number of methyl substituents produce larger rate constants for the mobile to
stationary phase (kg,,) and stationary to mobile phase (k) transitions. For
benzene, toluene, and the xylenes, the rate limiting step is the transfer from
mobile to stationary phase (i.e., ks > k) because the retention factor is
less than unity. But for the trimethylbenzenes, tetramethylbenzenes, penta-
methylbenzene, and hexamethylbenzene, the rate limiting step is the
transfer from stationary to mobile phase (i.e., kps <kg,) because the
retention factor is greater than unity.

In addition, an increase in temperature yields an increase in the rate
constants for all molecules. For example, the rate constant (k,,,) for hexylben-
zene ranges from 15 to 33 s~ ' for temperatures from 295 to 327 K, respect-
ively, at 5.24 x 10° Pa (760 psi). In contrast, an increase in pressure yields
only slight changes. The rate constant (k) for hexylbenzene ranges from
24 to 20s ' for pressures from 5.24 x 10° to 3.28 x 10’ Pa (760 to
4760 psi), respectively, at 309 K.

Overall, the data for the alkylbenzenes and methylbenzenes on PGC
indicate that the rate constants (k. and k,,) increase as the retention factor
increases. This is the reverse order observed for the fatty acids on high-
density polymeric octadecylsilica. For example, the retention factor for the
fatty acids Cj to Co; ranges from 0.56 to 67.3, respectively, whereas ki
ranges from 5.05 to 0.90 s~ ' and kg, ranges from 9.08 to 0.013 s ', respect-
ively, at 298 K and 3.15 x 107 Pa (4570 psi).'"! More detailed understanding
of the kinetic behavior of octadecylsilica has been provided by Miyabe and
Guiochon.?°=2°! For the alkylbenzenes, the contribution of external mass
transfer was shown to exceed that of axial dispersion and intraparticle
diffusion. The external mass transfer contribution, which involves the rate
of mass transfer from the bulk mobile phase to the external surface of the
stationary phase by diffusion, increases with molecular size (i.e., number of
methylene groups). The intraparticle diffusion contribution was shown to
arise primarily from surface diffusion, rather than from pore diffusion. The
surface diffusion coefficient was calculated and was shown to be correlated
with molecular size and equilibrium constant. Hence, the reported decrease
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in rate constant with increasing retention factor or number of methylene
groups for octadecylsilica''! can be understood on the basis of these individ-
ual contributions to kinetic behavior. For PGC, more detailed studies will be
necessary to fully elucidate the kinetic behavior.

Activation Enthalpy

By using Equations (7—10), the activation enthalpies were calculated. Figure 8
illustrates a typical graph of the natural logarithm of the rate constant versus
inverse temperature used in the calculation of the activation enthalpy. For all
solutes at all pressures, the data are linear (R* = 0.443—-0.869) and the slope
of the line is negative. A linear graph indicates that the activation enthalpy is
constant with temperature. A negative slope is demonstrative of a positive
activation enthalpy, which is the energy barrier for the transfer from mobile
or stationary phase to the transition state. Tables 5 and 6 contain the activation
enthalpies for the alkylbenzenes and methylbenzenes.

For the alkylbenzenes (Table 5), the activation enthalpy from the station-
ary phase to the transition state (AH;,) increases with increasing number of
methylene groups. This result suggests that the enthalpy barrier from the
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Figure 8. Representative graph of the logarithm of rate constant (kg,) versus
inverse temperature used to calculate the activation enthalpy according to
Equations (7) and (9). Column: porous graphitic carbon, 100 x 4.6 mm i.d., 7 pm
particle size. Mobile phase: methanol, 1.90 x 10" Pa (2760 psi), 0.956 mL/min.
Solutes: toluene (@ ), m-xylene (W), 1,3,5-trimethylbenzene (A), 1,2,4,5-tetramethyl-
benzene (O), pentamethylbenzene (L), hexamethylbenzene (A).
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Table 5. Activation enthalpy (AH:,, AH.,,,) and activation volume (AVy, AVy,,) for
alkylbenzenes on porous graphitic carbon

AHg, AHg, AV, AV,
Solute (kJ /mol)* (kJ/mol) (cm?® / mol)” (cm? /mol)
Benzene 37+ 1.2 1.4 4+ 0.9 -0.9+ 09 0.9 + 0.7
Toluene 6.9 + 0.5 1.7+ 04 1.2 4+ 0.7 0.8 +0.9
Ethylbenzene 6.6 +1.2 08+14 1.2+1.0 —-1.1+09
Propylbenzene 84+ 1.3 29 + 1.1 14+12 1.0 +£ 0.7
Butylbenzene 10.8 +£ 0.1 31405 1.3+ 0.9 -134+038
Pentylbenzene 11.4 + 0.7 19+1.2 —-13+ 0.8 1.0 + 0.8
Hexylbenzene 13.8 + 0.7 22+ 0.7 1.3 +0.8 -0.8 +£0.7

“Activation enthalpies from the stationary phase to transition state (AHj), and
mobile phase to transition state (AHyn) calculated at T =295 to 327K and
P = 5.24 x 10° Pa (760 psi).

b Activation volumes from the stationary phase to transition state (AV,,), and mobile
phase to transition state (AVy,) calculated at T=296K and P = 5.24 x 10° to
3.28 x 107 Pa (760 to 4760 psi).

Table 6. Activation enthalpy (AH:, AH.,,,) and activation volume (AVy, AVy,,) for
methylbenzenes on porous graphitic carbon

AHy, AHy, AV, AV,
Solute (&J/mol)®  (kJ/mol)  (cm®/mol)®  (cm®/mol)
Benzene 37+ 12 144+09 —-09+09 0.9 + 0.7
Toluene 6.9 + 0.5 1.7+ 04 1.2+ 0.7 0.8 +0.9
o-Xylene 124+ 1.0 42 +09 13410 —-12+12
m-Xylene 10.8 + 2.2 21+14 —-144+12 12412
p-Xylene 122+ 1.8 384+ 1.7 12412 —-17+12
1,2,3-Trimethylbenzene 13.8 + 1.0 20+09 —-244+18 1.34+1.2
1,2,4-Trimethylbenzene 150+ 1.6 39+ 1.5 22+22 —-18+15
1,3,5-Trimethylbenzene 1494+ 1.2 45+ 1.1 23419 13+1.2

1,2,3,5-Tetramethylbenzene 17.5 + 0.7 39+ 0.6 24423 —-20+1.7
1,2,4,5-Tetramethylbenzene  16.1 + 1.1 22+ 1.1 —-21+22 19+19
Pentamethylbenzene 254+ 1.5 85+14 —-26+22 1.6 + 1.5
Hexamethylbenzene 464 +89 261 +86 —25+4+13 23+23

“Activation enthalpies from the stationary phase to transition state (AH), and
mobile phase to transition state (AHy,) calculated at T =295 to 327 K and
P = 5.24 x 10° Pa (760 psi).

b Activation volumes from the stationary phase to transition state (AV.y), and mobile
phase to transition state (AVy,) calculated at T=296K and P = 5.24 x 10° to
3.28 x 107 Pa (760 to 4760 psi).
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stationary phase to the transition state increases with the addition of each
methylene group. The differential change in activation enthalpy (AAH.y)
versus carbon number of the alkylbenzenes can be calculated. From
benzene to toluene, AAHj, is about 3 kJ/mol. But from toluene to propylben-
zene, AAHy, increases only slightly at 0.5 kJ/mol. When the carbon number is
greater than three, AAH;; is relatively constant at 2 kJ/mol, indicating that the
effect of each methylene group on activation enthalpy is relatively constant.

For the methylbenzenes (Table 6), the activation enthalpy from the
stationary phase to the transition state (AHy,) increases with increasing
number of methyl substituents. This result suggests that the enthalpy barrier
from the stationary phase to the transition state increases with the addition
of each methyl group. Solutes with the same number of methyl substituents
have similar activation enthalpies. For example, o-, m-, and p-xylenes have
comparable stationary phase to transition state activation enthalpies of
approximately 12 kJ/mol. The differential change in activation enthalpy
(AAH,,) versus carbon number of the methylbenzenes can also be calculated.
From benzene to the tetramethylbenzenes, the differential change in activation
enthalpy AAH;, is relatively constant at around 3 kJ/mol. But for penta-
methylbenzene and hexamethylbenzene, AAH;, is greater than 8 kJ/mol.

For both alkylbenzenes and methylbenzenes, the activation enthalpy from
the mobile phase to transition state (AHj,,) is nearly constant, considering
the uncertainty in the kinetic data. But AHy,, for pentamethylbenzene and
hexamethylbenzene is greater than that of other solutes in the same homolo-
gous series. Comparison of the magnitude of AHy,, and AH,, suggests that
retention on PGC is predominantly controlled by the desorption process,
which is dependent upon the molecular structure of the solutes. Hence,
different molecules have different interaction with the stationary phase in
the transition state, which affects the energy needed to transfer from stationary
to mobile phases. Comparison of the activation enthalpies and the absolute
value of the molar enthalpy reveals the following trend: AH;, > AH > AHy,,.
As expected, AH is nearly equal to the difference between AH;, and AH,,.

Again, it is instructive to compare the behavior of PGC and octadecylsi-
lica. On the high-density polymeric octadecylsilica stationary phase, AHyy,
ranges from 3.96 to 2.21 kJ/mol and AHj, ranges from 7.54 to 11.0 kJ/mol
for fatty acids C;o to C,p, respectively, at 303 K and 3.15 x 10’ Pa
(4570 psi).'"! Hence, the activation enthalpies on PGC are comparable to
those on octadecylsilica stationary phases.

Activation Volume

By using Equations (11) and (12), the activation volumes from mobile phase to
transition state (AVy,,) and from stationary phase to transition state (AV) were
calculated. A representative graph of the natural logarithm of the rate constant
versus pressure is depicted in Figure 9 and resulting values for the activation
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volume are presented in Tables 5 and 6. The slope of the line is either slightly
positive or slightly negative. The activation volumes AV, and AV, appear
to be larger than the change in molar volume (AV) because of greater uncer-
tainty of the kinetic data. However, these values are also nearly zero. They
are much smaller than the activation volumes reported for methylene and
benzene homologues on high-density polymeric octadecylsilica.'''! For
example, AV, ranges from 7.2 to 110 cm®/mol and AV ranges from 31.7
to 211 cm® /mol for fatty acids Cjo to Cpp, respectively, at 303 K and
2.76 x 10° to 3.15 x 10" Pa (400 to 4570 psi)..'"! This suggests that the
volume barrier on PGC is much smaller than that on octadecylsilica stationary
phases.

Relationship Between Thermodynamic and Kinetic Behavior

Finally, it is beneficial to examine the relationship between the thermodyn-
amic and kinetic behavior of the solutes. A priori, there is no expected
relationship between the retention factor and the individual rate constants
other than that given by Equation (6) (k = kyyn/Kms)- In practice, however,
there are three cases that are commonly observed for a closely related series
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Figure 9. Representative graph of the logarithm of rate constant (k,,) versus pressure
used to calculate the activation volume according to Equation (11). Column: porous
graphitic carbon, 100 x 4.6 mm i.d., 7 wm particle size. Mobile phase: methanol,
327 K, 1.38 mL/min. Solutes: toluene (®), m-xylene (M), 1,3,5-trimethylbenzene
(A), 1,2,4,5-tetramethylbenzene (O), pentamethylbenzene ([J), hexamethylbenzene
(D).
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of solutes.*®! In the first limiting case, ky,, is constant and k is linearly related
to kgn. In the second limiting case, kg, is constant and k is inversely related to
ks In the third case, k varies with both ks and kg, in a more complex
manner. The data in Tables 1 and 2 provide the first information about this
relationship for reversed-phase separations on PGC. For most of the solutes,
both alkylbenzenes and methylbenzenes, the first limiting case applies: the
rate of transfer from stationary to mobile phase is relatively constant. The
rate of transfer from mobile to stationary phase increases with the retention
factor, perhaps due to greater cohesive attraction with increasing number of
methylene or methyl groups. There is some deviation from this behavior for
the most highly substituted methylbenzenes, which seem to have a more
complex relationship where both k;,,; and kg, vary as in the third case.

CONCLUSIONS

In the research presented in this paper, solute transfer of two series of aromatic
hydrocarbons (alkylbenzenes and methylbenzenes) has been studied as a
function of molecular structure. By quantitating the thermodynamics and
kinetics together, a better description of retention on PGC is made, providing
a more accurate comparison of different solutes and stationary phases.

In the thermodynamic studies, the retention factor of alkylbenzenes
increases with increasing number of methylene groups, and the retention
factor of methylbenzenes increases with increasing number of methyl substitu-
ents. For the same solute, the retention factor decreases with an increase in temp-
erature, but does not change significantly with pressure. The data from this study
indicate that increases in the number of methylene and methyl groups result in
more negative changes in molar enthalpy (AH). The more negative change in
AH suggests that the transition from mobile to stationary phase is a more energe-
tically favorable exothermic process with each methylene or methyl group
added. Enthalpy-entropy compensation is observed for both homologous
series, and the compensation temperatures suggest that the retention
mechanism is strongly dominated by enthalpic contributions. The data also
show that the change in molar volume (AV) is close to zero, which indicates
that the solute molecules adsorb on the surface of PGC instead of penetrating
further into the stationary phase, as in octadecylsilica.

In the kinetic studies, the rate constants of alkylbenzenes and methylben-
zenes increase with increasing number of methylene and methyl groups. The
enthalpic barriers between the stationary phase and transition state (AH.,)
were found to increase with increasing number of methylene and methyl
groups. However, the enthalpic barriers between the mobile phase and tran-
sition state (AHy,) were much smaller than AH,, and, at the same time,
were very similar for all the solutes. The enthalpic barriers suggest that
retention on PGC is controlled by the desorption of solutes from the stationary
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phase. The volumetric barriers AV and AVy,, again are very close to zero,
owing to the adsorption mechanism on porous graphitic carbon.
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