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Abstract

A series of four-ring polycyclic aromatic hydrocarbons (PAHs) with varying annelation structure was studied by reversed-phase liquid
chromatography. Using a polymeric octadecylsilica stationary phase over a temperature range from 273 to 303 K and an average pressure
range from 585 to 3585 psi (1 psi= 6894.76 Pa), the thermodynamic and kinetic aspects of the retention mechanism were examined.
Thermodynamic behavior was characterized by the retention factor, together with the associated changes in molar enthalpy and molar volume,
whereas kinetic behavior was characterized by the rate constants, together with the associated activation enthalpies and activation volumes.
The data indicate that pyrene, with a more condensed annelation structure, exhibits smaller changes in molar enthalpy and molar volume
(�Hsm = −4.4 kcal/mol,�Vsm = −1.9 ml/mol; 1 cal = 4.184 J) than PAHs with a more linear structure such as chrysene (�Hsm =
−8.2 kcal/mol,�Vsm = −11.7 ml/mol). The kinetic data indicate that pyrene undergoes faster rates of transport than chrysene (kms = 313 and
14 s−1, respectively), but the non-planar benzo[c]phenanthrene undergoes the fastest transport (kms = 330 s−1). The activation enthalpies and
activation volumes are similarly affected by the annelation structure. It is noteworthy that deviations from the exponentially modified Gaussian
(EMG) model are observed for some PAH zone profiles at the lowest temperature, which suggests a possible change in retention mechanism.
In order to characterize these deviations, the non-linear chromatography (NLC) model and a new bi-exponentially modified Gaussian (E2MG)
model were examined. The regression results indicate that neither the NLC nor E2MG model offer significant improvements in the statistical
quality of fit or provide a better description of the observed retention behavior.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Reversed-phase liquid chromatography is one of the most
common methods for the separation of non-polar solutes.
Although many studies have been undertaken to characterize
and to validate the retention mechanism, the molecular-level
contributions to retention are still not well understood nor
fully quantitated. A large number of non-polar solutes have
been used to probe reversed-phase systems, one of the
more common being the homologous series of alkylben-
zenes. These solutes have been used to study the effect
of stationary phase alkyl chain length[1,2], mobile-phase
composition[1,2], the thermodynamic[3] and kinetic[4]
contributions to retention, as well as the differences be-
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tween silica and zirconia supports[5]. In addition to the
alkylbenzenes, other homologues have been used to study
phenyl unit addition. The solutes most often employed in
these studies are polycyclic aromatic hydrocarbons (PAHs),
a class of compounds known to exhibit carcinogenic and
mutagenic effects[6–9]. Solutes from this class have in-
cluded three- to six-ring compounds that are both planar and
non-planar. These solutes have been used to study the effect
of PAH structure[10–15], stationary phase bonding density
[10,12–16], mobile-phase composition[10,16], temperature
and pressure[15]. A review by Sander and Wise presents a
detailed account of the investigations prior to 1993[11].

Whereas the effect of ring number has been studied ex-
tensively, annelation structure has been the subject of a lim-
ited number investigations[16–20]. Four-ring PAH isomers
have been used to study the effect of annelation structure
with regard to stationary phase bonding density[18,19],
mobile-phase composition[17], and temperature[19,20].
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Sentell and Dorsey reported that selectivity increases with
increasing bonding density[18]. This observation was used
to support the theoretical model of Martire and Boehm
[21], which suggests that these solutes partition into alkyl-
silica bonded phases rather than adsorb. Chmielowiec and
Sawatzky reported thermodynamic values for three- and
four-ring homologues, which indicate that an increase in
length-to-breadth ratio results in more negative changes in
molar enthalpy and molar entropy[17]. The more recent in-
vestigations by Sentell and Henderson[19], and Sentell et al.
[20] have used a homologous series of four-ring PAHs to
study the effect of sub-ambient temperature on retention and
selectivity. Their data indicate that the selectivity between
these solutes increases at lower temperature. This increased
selectivity is attributed to the larger surface area for inter-
action that results from the higher order of the alkyl chains
near the proximal terminus, as purported by Stalcup et al.
[10]. In addition to four-ring PAHs, six-ring PAHs have also
been used as probes of reversed-phase systems. Most no-
tably, phenanthro[3,4-c]phenanthrene and tetrabenzonaph-
thalene have been used to examine the effect of planarity
on retention[10–14,16]. However, without the comparison
to other six-ring compounds, these non-planar PAHs pro-
vide little direct information about the effect of annelation
structure.

To date, there have been no systematic studies that con-
sider both the thermodynamic and kinetic behavior as a func-
tion of annelation structure. In the present study, a series
of four-ring PAHs with planar and non-planar structures are
separated on a polymeric octadecylsilica stationary phase
with a methanol mobile phase. Using a temperature range
from 273 to 303 K and an average pressure range from 585
to 3585 psi (1 psi= 6894.76 Pa), the thermodynamic and
kinetic behavior are characterized by previously established
methodology[22–24]. The retention factors are calculated,
together with the concomitant changes in molar enthalpy and
molar volume, to characterize the thermodynamic behavior.
The rate constants are calculated, together with the concomi-
tant changes in activation enthalpy and activation volume, to
characterize the kinetic behavior. These data provide a holis-
tic view of the effect of annelation structure on the retention
mechanism in reversed-phase liquid chromatography.

2. Theory

As previously described[23,24], the calculation of ther-
modynamic and kinetic contributions to retention requires
a synthesis of traditional thermodynamic and transition
state theories. The thermodynamic parameters describe the
path-independent measures of solute transfer from the mo-
bile to stationary phase. These parameters are calculated
from the retention factor (k):

k = tr − t0

t0
(1)

where tr and t0 are the elution times of a retained and
non-retained solute, respectively. The retention factor is re-
lated to the changes in molar enthalpy (�Hsm) and molar
entropy (�Ssm) by the van’t Hoff equation:

ln k = −�Hsm

RT
+ �Ssm

R
+ ln β (2)

where R is the universal gas constant andT is the abso-
lute temperature. The molar enthalpy is determined from
the slope of a graph of the natural logarithm of the reten-
tion factor versus inverse temperature. The change in molar
entropy is contained in the intercept, but cannot be reliably
quantitated since the phase ratio (β) is a function of both
temperature and pressure. From the definition of the molar
enthalpy:

ln k = −�Esm + T �Ssm − P �Vsm

RT
+ ln β (3)

which is a function of the molar internal energy (�Esm) and
the pressure–volume work (P �Vsm). The change in molar
volume (�Vsm) is determined from the slope of a graph of
the natural logarithm of the retention factor versus pressure
(P).

The rate constant for transfer from mobile to stationary
phase (ksm) is given by:

kms = 2kt0
τ2

(4)

whereas the rate constant for transfer from stationary to mo-
bile phase (kms) is given by:

ksm = kkms = 2k2t0

τ2
(5)

whereτ represents the exponential contribution to variance
that arises from slow kinetics[23,24]. During this transfer,
the solutes pass through a high-energy transition state (‡)
that uniquely characterizes the path-dependent aspects of
the retention mechanism. The kinetic rate constants can be
used to calculate the activation enthalpies (�H‡m, �H‡s)
and activation volumes (�V‡m, �V‡s) associated with the
transition state via:

ln ksm = ln A‡m −
�H‡m + RT − P �V‡m

RT
(6)

ln kms = ln A‡s −
�H‡s + RT − P �V‡s

RT
(7)

where A‡m and A‡s are the pre-exponential factors from
the Arrhenius equation[23,25,26]. The activation enthalpy
can be calculated by graphing the natural logarithm of the
rate constant versus inverse temperature at constant pres-
sure. Under the assumption that the activation enthalpy and
volume are temperature independent, the activation enthalpy
is determined from the slope of the line. Similarly, the acti-
vation volume can be calculated from a graph of the natural
logarithm of the rate constant versus pressure at constant
temperature.
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Fig. 1. Structure of the polycyclic aromatic hydrocarbons.

3. Experimental

3.1. Solutes

As depicted in Fig. 1, four polycyclic aromatic hy-
drocarbons have been chosen to investigate the ef-
fect of annelation on the thermodynamics and kinetics
of retention. Pyrene, benz[a]anthracene, chrysene, and
benzo[c]phenanthrene (Sigma–Aldrich) were obtained as
solids and dissolved in high-purity methanol (Burdick
and Jackson, Baxter Healthcare) to yield standard solu-
tions at a concentration of 10−4 M. A non-retained marker,
4-methylhydroxy-7-methoxycoumarin[27], was added to
each solution at a concentration of 10−4 M. To ensure solu-
bility of the PAHs, the solutions were equilibrated at each
temperature prior to analysis.

3.2. Experimental system

The PAHs are separated on a capillary liquid chromatog-
raphy system that has been described previously[15,23,24].
The methanol mobile phase is delivered by a single-piston
reciprocating pump (Model 114M, Beckman Instruments),
operated in the constant pressure mode. After injection
(Model ECI4W1, Valco Instruments), the samples are split
between the column and a fused-silica capillary (100�m
i.d., Polymicro Technologies), resulting in an injection vol-
ume of 12 nl and a nominal flow rate of 1.30�l/min. The
column is a fused-silica capillary (76 cm× 200�m i.d.,
Hewlett-Packard) that is packed via the slurry method and
terminated with a quartz wool frit[28]. The silica packing
is characterized by a 5.5�m particle size, 190 Å pore size,
and 240 m2/g surface area (IMPAQ 200, PQ Corp.), reacted
with trifunctional octadecylsilane to produce a polymeric
phase with bonding density of 5.4�mol/m2. A fused-silica
capillary (20�m i.d., Polymicro Technologies) is attached
to the column terminus to serve as a restrictor. By reduc-
ing the length of the splitter and restrictor proportionally,
the pressure drop along the column is held constant as the
average pressure is varied from 585 to 3585 psi (±15 psi).
The column, injector, splitter, and restrictor are housed

within a cryogenic oven (Model 3300, Varian Associates)
that enables the temperature to be varied from 273 to 303 K
(±0.1 K).

The polyimide coating is removed from the capillary
column at two positions (23.2 and 58.3 cm) to facilitate
on-column detection by laser-induced fluorescence. The
optical and electronic components of this system were
designed and constructed in-house to ensure that all contri-
butions to variance are identical at each detection position.
A helium–cadmium laser (Model 3074-20M, Melles Griot)
provides excitation at 325 nm, which is transmitted to the
column by UV-grade optical fibers (100�m, Polymicro
Technologies). The fluorescence signal is collected orthog-
onal to the incident beam by large diameter optical fibers
(500�m, Polymicro Technologies), isolated by a 420 nm
interference filter (S10-410-F, Corion), and detected by a
photomultiplier tube (Model R760, Hamamatsu). The re-
sulting photocurrent is amplified, converted to the digital
domain (PCI-MIO-16XE-50, National Instruments), and
stored by a user-defined program (Labview v5.1, National
Instruments).

3.3. Data analysis

After collection, the zone profile for each PAH is
extracted from the chromatogram using the previously es-
tablished conditions for the minimum number of points, in-
tegration limits, and signal-to-noise ratio[22]. Each profile
is fit by non-linear regression to an appropriate equation,
as discussed in the following sections, by using a commer-
cially available program (Peakfit v3.18, SYSTAT Software).
The resultant fitting parameters are then subtracted to de-
termine the change between the two detection positions.
This method ensures that all measured changes in the solute
zone profile arise solely from processes occurring on the
column. A result of using this method is that the upper limit
of resolution for the rate constants can be expanded beyond
that reported in previous work[23].

3.3.1. Exponentially modified Gaussian equation
Under most conditions for this study, the PAH zone pro-

files are fit to an exponentially modified Gaussian (EMG)
equation. The EMG equation is chosen because the statis-
tics of fit are better than for any other model that has been
demonstrated to have physical meaning[22,24]. The EMG
equation is the convolution of a Gaussian and an exponential
function, with the resulting form:

C(t) = A

2τ
exp

[
σ2

2τ2
+ tg − t

τ

] [
erf

(
t − tg√

2σ
− σ√

2τ

)
+ 1

]
(8)

whereC(t) is the concentration as a function of time,A the
peak area,tg the retention time of the Gaussian component,
σ the standard deviation of the Gaussian component, andτ

is the exponential component. Symmetrical zone broadening
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that arises from processes such as diffusion and mass transfer
is quantified byσ. Asymmetrical broadening that arises from
volumetric sources (i.e. injectors, unions, etc.), electronic
sources (i.e. amplifiers, etc.), and physicochemical processes
(i.e. slow kinetics) are quantified byτ. Because asymmetry
from volumetric and exponential contributions is constant
at each detector, the contribution from slow kinetics can
be extracted by difference between the two detectors. The
resulting values of the EMG fitting parameters can be used
to characterize the thermodynamic and kinetic behavior by
means ofEqs. (1), (4) and (5), where:

tr = tg + τ (9)

In order to ensure that the results from these experiments
are statistically reliable, replicate measurements are made
at each temperature and pressure. From these replicates, the
standard deviations intg, τ, and t0 are used to calculate
the propagated error in the retention factor viaEq. (1). The
maximum relative error ink is ±0.27%. Similarly, the prop-
agated error in the rate constants is calculated viaEqs. (4)
and (5). For bothkms andksm, the relative error ranges from
±1.9 to 7.1%. The major contribution to the propagated er-
ror was found to arise from deviations inτ. The small error
in the retention factor and rate constants contributes to the
error in the derived quantities such as molar enthalpy, mo-
lar volume, activation enthalpy, and activation volume (see
below).

At the lowest temperature (273 K), the EMG equation
does not show the same quality of fit as at higher tempera-
tures. Hence, two other models are examined to determine
whether they provide a better description of the solute zone
profiles.

3.3.2. Non-linear chromatography equation
The second model employed to analyze the PAH zone

profiles is the non-linear chromatography (NLC) model. De-
veloped initially in 1944[29], the most current form of the
NLC equation was developed by Wade et al. in 1987[30]:

C(t) = a0

a2a3

[
1 − exp

(
−a3

a2

)]

×
[√

(a1/x)I1(2
√

a1x/a2)exp((−x − a1)/a2)

1 − T(a1/a2, x/a2)[1 − exp(−a3/a2)]

]
(10)

where

T(u, v) = e−v

∫ u

0
e−tI0(

√
2vt) dt (11)

andI0 andI1 are modified Bessel functions of the first kind.
The fitting parameters that are incorporated in the NLC
model are the area (a0), position (a1), width (a2), and distor-
tion (a3). If the chromatographic data are transformed from
the time domain to the retention factor domain viaEq. (1),
then these parameters can be used to calculate the lumped
desorption rate constant:

a2 = 1

kmst0
(12)

Using the established relationship between the retention fac-
tor and the rate constants (k = ksm/kms), the adsorption rate
constant can also be calculated.

3.3.3. Bi-exponentially modified Gaussian equation
Neither the EMG nor NLC equations are capable of evalu-

ating a multiple-site retention model. As a result, a new equa-
tion was developed to test whether two distinct sites were
present. The bi-exponentially modified Gaussian (E2MG)
equation is the convolution of a Gaussian and two exponen-
tial functions, with the resulting form:

C(t) = hσ
√

π/2 exp(−(t − tg)
2/2σ2)

τ1 − τ2

×
{

exp

[
(−t + tg + (σ2/τ1))

2

2σ2

]

×
[

1 + erf

(
tτ1 − τ1tg − σ2

√
2τ1σ

)]

− exp

[
(−t + tg + (σ2/τ2))

2

2σ2

]

×
[

1 + erf

(
tτ2 − τ2tg − σ2

√
2τ2σ

)]}
(13)

whereh is the height,tg the retention time of the Gaussian
component,σ the standard deviation of the Gaussian com-
ponent, andτ1 and τ2 are the exponential components for
the first and second kinetic site, respectively. This equation,
originally developed by Delley[31], presumes that the two
kinetic events are of equal probability.

4. Results and discussion

4.1. Thermodynamic behavior

4.1.1. Retention factors
Representative values of the retention factor are sum-

marized in Table 1. It is apparent that the retention

Table 1
Retention factors for PAH isomers

Solutea kb kc

273 K 303 K 585 psi 3585 psi

Pyr 1.89 0.84 1.31 1.36
BaA 5.33 1.45 2.99 3.26
Chr 8.12 1.83 4.20 4.64
BcP 1.59 0.80 1.19 1.21

a Pyr: pyrene, BaA: benz[a]anthracene, Chr: chrysene, BcP:
benzo[c]phenanthrene.

b Retention factor (k) calculated at 3585 psi.
c Retention factor (k) calculated at 283 K.
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factor for all PAHs decreases with increasing tempera-
ture and increases with increasing pressure. Retention
also decreases as a function of the length-to-breadth ratio
(i.e. pyrene< benz[a]anthracene< chrysene), with the
exception of benzo[c]phenanthrene. As noted previously,
benzo[c]phenanthrene is slightly non-planar due to steric
hindrance of the hydrogen atoms in the bay region. When
compared to data reported previously for non-planar six-ring
PAHs [23], the retention factor for benzo[c]phenanthrene
is larger than those for phenanthro[3,4-c]phenanthrene and
tetrabenzonaphthalene. This suggests that the smaller de-
gree of non-planarity of benzo[c]phenanthrene allows for
greater interaction with the stationary phase. Moreover, an
increase in pressure causes a slight increase in retention for
benzo[c]phenanthrene, but causes a decrease in retention for
phenanthro[3,4-c]phenanthrene and tetrabenzonaphthalene.
Hence, compression of the stationary phase causes greater
interaction of the alkyl chains with benzo[c]phenanthrene,
similar to the planar solutes, but causes expulsion of the
other non-planar solutes.

4.1.2. Molar enthalpy
A representative graph of the logarithm of the retention

factor versus the inverse temperature is shown inFig. 2. The
change in molar enthalpy is calculated from the slope of this
graph, according toEq. (2). The graph for each PAH is lin-
ear (R2 = 0.991–0.999) and the slope is positive. A positive
slope is indicative of a negative change in molar enthalpy and
suggests that the transfer from mobile to stationary phase

Fig. 2. Representative graph of the retention factor vs. inverse temperature used to calculate the change in molar enthalpy. Column: polymeric octadecylsilica.
Mobile phase: methanol, 3585 psi, 0.08 cm/s. Solutes: pyrene (�), benz[a]anthracene (�), chrysene (�), benzo[c]phenanthrene (�). Other experimental
details as given in the text.

Table 2
Molar enthalpy and molar volume for PAH isomers

Solute �Hsm (kcal/mol)a �Vsm (ml/mol)b

Pyr −4.4 ± 0.2 −1.9 ± 1
BaA −7.1 ± 0.2 −9.6 ± 1
Chr −8.2 ± 0.2 −11.7 ± 1
BcP −3.8 ± 0.2 −1.3 ± 1

a Molar enthalpy (�Hsm) calculated at 3585 psi.
b Molar volume (�Vsm) calculated at 283 K.

is enthalpically favorable. As shown inTable 2, the most
condensed of the planar solutes, pyrene, has the smallest
change whereas the least condensed, chrysene, has the great-
est change in molar enthalpy. These differences in molar
enthalpy can be attributed to the depth that each PAH pene-
trates into the stationary phase. The proximal regions, where
the alkyl group is bound to the silica surface, are highly or-
dered with all trans carbon–carbon bonds. As the distance
from the surface increases, there are more gauche bonds and
greater disorder[32–34]. The more condensed PAHs, such
as pyrene, probe only the distal regions, whereas less con-
densed PAHs, such as chrysene, penetrate more deeply into
the ordered regions of the stationary phase. Consequently,
the change in molar enthalpy becomes more negative the
farther the PAH penetrates into the stationary phase. It is
noteworthy that benzo[c]phenanthrene exhibits changes in
molar enthalpy that are smaller than the other PAHs, even
though it is not the most condensed. It is hypothesized that
the non-planar character of benzo[c]phenanthrene does not
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Fig. 3. Representative graph of the retention factor vs. pressure used to calculate the change in molar volume. Column: polymeric octadecylsilica. Mobile
phase: methanol, 283 K, 0.08 cm/s. Symbols defined inFig. 2. Other experimental details as given in the text.

allow it to penetrate as deeply into the high-density poly-
meric stationary phase. This effect has been noted previously
with other non-planar PAHs[11–13,19,20]. The molar en-
thalpies reported herein are consistent with those in previous
investigations[23].

4.1.3. Molar volume
A representative graph of the logarithm of the retention

factor versus pressure is shown inFig. 3. The change in
molar volume is calculated from the slope of this graph, ac-
cording toEq. (3). Again, the graph for each PAH is linear
(R2 = 0.984–0.998) and the slope is positive. A positive
slope is indicative of a negative change in molar volume and
suggests that the PAH occupies less volume in the station-
ary phase than in the mobile phase. As shown inTable 2,
the most condensed of the planar solutes, pyrene, has the
smallest change whereas the least condensed, chrysene, has
the greatest change in molar volume. These differences in
molar volume, like the changes in molar enthalpy, can be
attributed to the depth that each PAH penetrates into the sta-
tionary phase. The more condensed PAHs, such as pyrene,
probe only the distal regions, whereas less condensed PAHs,
such as chrysene, penetrate more deeply into the ordered re-
gions of the stationary phase. Consequently, the change in
molar volume becomes more negative the farther the PAH
penetrates into the stationary phase. Again, it is notewor-
thy that the non-planar solute, benzo[c]phenanthrene, has
a smaller change in molar volume than the planar solutes.
This is consistent with a smaller depth of penetration, as dis-
cussed above. However, it is not as extreme as for the six-ring

non-planar PAHs, phenanthro[3,4-c]phenanthrene and tetra-
benzonaphthalene, which exhibit positive changes in molar
volume[15,23]. The molar volumes reported herein are con-
sistent with those in previous investigations[23].

4.2. Kinetic behavior

4.2.1. Rate constants
Although the thermodynamic data demonstrate the

steady-state aspects of chromatographic behavior, they do
not fully explain the retention mechanism. Using the equa-
tions and methods developed above, the pseudo-first-order
rate constants, activation enthalpies, and activation volumes
were calculated. These values help to quantify the kinetic
aspects of PAH transfer between the mobile and stationary
phases as a function of the annelation structure.

Representative values of the rate constants, calculated
using Eqs. (4) and (5), are summarized inTables 3 and
4. The most condensed of the planar solutes, pyrene, has
the largest rate constants, whereas the least condensed,
chrysene, has the smallest rate constants for transport
from mobile to stationary phase (ksm) and from stationary
to mobile phase (kms). However, the non-planar solute,
benzo[c]phenanthrene, has larger rate constants than the
planar solutes. As shown inTable 3, the rate constants
for all PAHs increase with increasing temperature. This
behavior is a consequence of the increased diffusion coeffi-
cients and the enhanced fluidity of the stationary phase. As
more kinetic energy is imparted, the alkyl chains become
more labile and can more readily undergo rotation of the
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Table 3
Rate constants for PAH isomers calculated by using the exponentially
modified Gaussian (EMG) model as a function of temperaturea

Solute kms (s−1) ksm (s−1)

283 K 293 K 283 K 293 K

Pyr 198 1137 269 1179
BaA 74 521 241 1099
Chr 7 58 34 163
BcP 216 1360 262 1330

a Rate constants from stationary to mobile phase (kms) and from mobile
to stationary phase (ksm) calculated at 3585 psi.

carbon−carbon bonds from the trans to gauche conforma-
tion. In fact, this polymeric octadecylsilica stationary phase
is known to undergo a phase transition in the vicinity of
318 K [15,24]. This increased lability enables the PAHs to
diffuse in and out of the stationary phase more freely. As
shown inTable 4, the rate constants for all PAHs decrease
with increasing pressure. This behavior is a consequence
of the compression of the alkyl chains, which impedes the
PAH diffusion in and out of the stationary phase.

4.2.2. Activation enthalpy
A representative graph of the logarithm of the rate con-

stant versus the inverse temperature is shown inFig. 4. The
activation enthalpy is calculated from the slope of this graph,
according toEqs. (6) and (7). As shown inTable 5, there are
slight differences that indicate the most condensed solute,
pyrene, has the smallest activation enthalpies whereas the
least condensed solute, chrysene, has the greatest activation

Fig. 4. Representative graph of the rate constant (kms) vs. inverse temperature used to calculate the activation enthalpy. Column: polymeric octadecylsilica.
Mobile phase: methanol, 3585 psi, 0.08 cm/s. Symbols defined inFig. 2. Other experimental details as given in the text.

Table 4
Rate constants for PAH isomers calculated by using the exponentially
modified Gaussian (EMG) model as a function of pressurea

Solute kms (s−1) ksm (s−1)

585 psi 3585 psi 585 psi 3585 psi

Pyr 313 198 411 269
BaA 73 62 224 202
Chr 14 7 61 34
BcP 330 216 395 262

a Rate constants from stationary to mobile phase (kms) and from mobile
to stationary phase (ksm) calculated at 283 K.

enthalpy. However, given the uncertainties in these values,
the differences are not statistically significant. The similar-
ity in values implies that the activation enthalpy is largely
independent of annelation structure, and suggests that the
PAHs encounter a similar barrier at the interface between
the mobile and stationary phases. As the activation enthalpy
are compared to one another and to the change in molar en-
thalpy inTable 2, a trend emerges:�H‡s > �H‡m � �Hsm.
Thus, the enthalpic barrier for the transition is significantly
greater than the thermodynamic change in molar enthalpy.

4.2.3. Activation volume
A representative graph of the natural logarithm of the rate

constant versus pressure is shown inFig. 5. The activation
volume is calculated from the slope of this graph, according
to Eqs. (6) and (7). In contrast to the activation enthalpies,
the activation volumes are a statistically significant function
of the annelation structure. As shown inTable 6, the most
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Fig. 5. Representative graph of the rate constant (kms) vs. pressure used to calculate the activation volume. Column: polymeric octadecylsilica. Mobile
phase: methanol, 283 K, 0.08 cm/s. Symbols defined inFig. 2. Other experimental details as given in the text.

condensed of the planar solutes, pyrene, has the smallest
activation volume whereas the least condensed, chrysene,
has the greatest activation volume. The non-planar solute,
benzo[c]phenanthrene has a smaller activation volume than
the planar solutes. Similar to the enthalpic trends, the activa-
tion volumes and the change in molar volume demonstrate
the trend of�V‡s > �V‡m � �Vsm. Hence, the volumet-
ric barrier for the transition is large, even though the overall
change in molar volume is relatively small.

4.2.4. Kinetic deviations
In the studies presented above, the PAH zone profiles were

fit very well by the EMG equation, with typicalR2 values
of 0.99 or greater. However, it was noted that the quality
of fit was degraded slightly for some PAHs at the lowest
temperature (273 K), withR2 values of 0.98–0.99 and small
non-random residuals along the tailing edge of the zone pro-
file. As these deviations from the EMG model may poten-
tially arise from a change in the retention mechanism, more

Table 5
Activation enthalpies for PAH isomersa

Solute �H‡s (kcal/mol) �H‡m (kcal/mol)

Pyr 24± 3 19 ± 3
BaA 25 ± 4 17 ± 3
Chr 31± 2 23 ± 2
BcP 27± 3 23 ± 3

a Activation enthalpies from stationary phase to transition state (�H‡s)
and from mobile phase to transition state (�H‡m) calculated at 283 K
and 3585 psi.

detailed investigation was warranted. First, in order to en-
sure that this effect did not arise from limited solubility, the
PAH solutions were equilibrated at 273 K prior to injection.
No statistically significant differences were observed in the
PAH zone profiles or the quality of fit to the EMG equation.

To examine whether the low temperature causes a change
in the retention mechanism, two alternative models were
examined. The first alternative was the non-linear chro-
matography model. The retention factors for the PAHs
increase with decreasing temperature (Table 1), thereby in-
creasing the concentration in the stationary phase. Hence,
the isotherm might be expected to deviate from linear-
ity at low temperature. Accordingly, the NLC model
(Eq. (10)) was used to iteratively fit each of the PAH zone
profiles that showed deviant behavior. This model, too, gave
R2 values of 0.98–0.99 and exhibited small non-random
residuals from the observed zone profiles. As shown in
Table 7, the quality of fit for the NLC and EMG models was

Table 6
Activation volumes for PAH isomersa

Solute �V‡s (ml/mol) �V‡m (ml/mol)

Pyr 47± 7 43 ± 7
BaA NRb NR
Chr 69± 9 57 ± 9
BcP 38± 13 37± 13

a Activation volumes from stationary phase to transition state (�V‡s)
and from mobile phase to transition state (�V‡m) calculated at 283 K.

b Not statistically reliable (NR) owing to large relative standard devi-
ation (>100% R.S.D.).
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Table 7
Rate constants for PAH isomers calculated by using the exponentially
modified Gaussian (EMG) and non-linear chromatography (NLC) modelsa

Solute EMG NLC

kms (s−1) ksm (s−1) R2 b kms (s−1) ksm (s−1) R2 b

Pyr 38 69 0.996 12 23 0.999
BaA 12 64 0.994 7 37 0.999
Chr 1 11 0.987 6 44 0.993
BcP 52 84 0.997 12 20 0.999

a Rate constants from stationary to mobile phase (kms) and from mobile
to stationary phase (ksm) calculated at 273 K and 3585 psi.

b Square of correlation coefficient for non-linear regression (R2).

similar. The rate constants are of the same order of mag-
nitude, but those determined by the NLC model are some-
what smaller than those determined by the EMG model for
pyrene, benz[a]anthracene, and benzo[c]phenanthrene but
somewhat larger for chrysene.

As neither the EMG nor NLC model described the data
well, a third model, the bi-exponentially modified Gaussian
equation, was examined. This model is appropriate if there
are two sites in the stationary phase with significantly dif-
ferent kinetic behavior. This behavior may arise from two
partition sites or partition and adsorption sites. Accordingly,
the E2MG model (Eq. (13)) was used to iteratively fit each of
the PAH zone profiles that showed deviant behavior. These
results, summarized inTable 8, indicate that this equation
also had difficulty in fitting the zone profiles. For chrysene,
the regression failed owing to overflow and underflow er-
rors. For the other PAHs, the E2MG equation forcesτ1 and
τ2 to assume values very close to one another. The rate con-
stants are the same for both sites, but are larger than those
calculated using either the EMG or NLC models. These val-
ues imply that the kinetic sites are equally distributed and
the same in their energetic natures.

It is evident fromTables 7 and 8that neither the NLC nor
the E2MG model provides a more accurate description of
the solute zone profiles than the EMG model. The origin of
the unusual zone profiles that lead to poor fitting with these
models is under further investigation.

Table 8
Rate constants for PAH isomers calculated by using the bi-exponentially
modified Gaussian (E2MG) model for two sitesa

Solute Site 1 Site 2 R2 b

kms (s−1) ksm (s−1) kms (s−1) ksm (s−1)

Pyr 79 148 79 148 0.999
BaA 32 171 32 171 0.998
Chr NRc NR NR NR –
BcP 24 37 24 37 0.998

a Rate constants from stationary to mobile phase (kms) and from mobile
to stationary phase (ksm) calculated at 273 K and 3585 psi.

b Square of correlation coefficient for non-linear regression (R2).
c Not statistically reliable (NR) owing to overflow and underflow errors

in non-linear regression.

5. Summary

In this study, the thermodynamic and kinetic behavior of
four-ring PAHs was examined in reversed-phase liquid chro-
matography. Even though the changes in molar enthalpy and
molar volume are relatively small, the kinetic data suggest
that the barrier for transition between mobile and stationary
phases is large. For a solute like chrysene, the activation en-
thalpy is 23 kcal/mol (1 cal= 4.184 J) for entry into the sta-
tionary phase, and 31 kcal/mol for exit from the stationary
phase. There is a similarly large activation volume for each
transition (69 and 57 ml/mol, respectively). These relatively
large values for activation enthalpy and activation volume
suggest that the transition is more likely to occur in a se-
ries of discrete steps rather than in a single step. When the
values for chrysene are compared to those for pyrene, it is
apparent that the annelation structure influences the energy
and volume contributions to the retention mechanism.

In addition, the anomalous behavior at 273 K suggests
that the retention mechanism may not be static for these
molecules. It is important to emphasize that this behavior
is not apparent from the thermodynamic (steady state) mea-
surements. The kinetic measurements are essential to make
inferences about the mechanism. It is also important that
these measurements be derived concurrently from the same
data, so that the thermodynamic and kinetic measurements
are internally consistent. From the examined models, there
is no conclusive evidence for a non-linear isotherm or for
multiple sites with different kinetic behavior. This anoma-
lous behavior at sub-ambient temperatures warrants further
investigation, as it may contribute to the changes in selec-
tivity reported in previous investigations[17,19].
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