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Abstract

A series of four-ring polycyclic aromatic hydrocarbons (PAHSs) with varying annelation structure was studied by reversed-phase liquid
chromatography. Using a polymeric octadecylsilica stationary phase over a temperature range from 273 to 303K and an average pressure
range from 585 to 3585 psi (1 pst 689476 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
(AHsm = —4.4kcal/mol, AVyym = —1.9ml/mol; 1cal = 4.184J) than PAHs with a more linear structure such as chrysafg( =
—8.2kcal/mol,AVy, = —11.7 ml/mol). The kinetic data indicate that pyrene undergoes faster rates of transport than clirysen@l3 and
14 s71, respectively), but the non-planar bendphenanthrene undergoes the fastest transpgyt=t 330 s1). 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 GAd&ian (E
model were examined. The regression results indicate that neither the NLEMGr fiodel 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 tween silica and zirconia supporfs]. In addition to the
alkylbenzenes, other homologues have been used to study
Reversed-phase liquid chromatography is one of the mostphenyl unit addition. The solutes most often employed in
common methods for the separation of non-polar solutes. these studies are polycyclic aromatic hydrocarbons (PAHS),
Although many studies have been undertaken to characterizea class of compounds known to exhibit carcinogenic and
and to validate the retention mechanism, the molecular-level mutagenic effect§6—9]. Solutes from this class have in-
contributions to retention are still not well understood nor cluded three- to six-ring compounds that are both planar and
fully quantitated. A large number of non-polar solutes have non-planar. These solutes have been used to study the effect
been used to probe reversed-phase systems, one of thef PAH structurg10-15] stationary phase bonding density
more common being the homologous series of alkylben- [10,12—16] mobile-phase compositidi0,16], temperature
zenes. These solutes have been used to study the effecand pressurl5]. A review by Sander and Wise presents a
of stationary phase alkyl chain length,2], mobile-phase  detailed account of the investigations prior to 1993].
composition[1,2], the thermodynami¢3] and kinetic[4] Whereas the effect of ring number has been studied ex-
contributions to retention, as well as the differences be- tensively, annelation structure has been the subject of a lim-
ited number investigatiod6—20] Four-ring PAH isomers
mspondmg author. Tels1-517-355-0715x244: hgve been used to study the effect of_annelation structure
fax: +1-517-353-1793. with regard to stationary phase bonding dengit,19],
E-mail address: jgshabus@aol.com (V.L. McGuffin). mobile-phase compositiofil7], and temperaturgl9,20].
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Sentell and Dorsey reported that selectivity increases with wheret, and tp are the elution times of a retained and
increasing bonding densifit8]. This observation was used non-retained solute, respectively. The retention factor is re-
to support the theoretical model of Martire and Boehm lated to the changes in molar enthalpyHsy) and molar
[21], which suggests that these solutes partition into alkyl- entropy AS;m) by the van't Hoff equation:
silica bonded phases rather than adsorb. Chmielowiec and —AH. AS.
Sawatzky reported thermodynamic values for three- andInk = = =T
. C T . . RT R
four-ring homologues, which indicate that an increase in
length-to-breadth ratio results in more negative changes inwhereR is the universal gas constant afidis the abso-
molar entha|py and molar entro@?]‘ The more recent in- lute temperature. The molar enthalpy is determined from
vestigations by Sentell and Henderga8], and Sentelletal.  the slope of a graph of the natural logarithm of the reten-
[20] have used a homologous series of four-ring PAHs to tion factor versus inverse temperature. The change in molar
study the effect of sub-ambient temperature on retention and€ntropy is contained in the intercept, but cannot be reliably
selectivity. Their data indicate that the selectivity between guantitated since the phase ratf) {s a function of both
these solutes increases at lower temperature. This increasetemperature and pressure. From the definition of the molar
selectivity is attributed to the larger surface area for inter- enthalpy:
action that results from the higher order of the alkyl chains —AEsm+ T ASsm— P AVsm
near the proximal terminus, as purported by Stalcup et al. Ink = RT +Ing @)
[10]. In addition to four-ring PAHSs, six-ring PAHs have also
been used as probes of reversed-phase systems. Most n
tably, phenanthro[3,4}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- P). . ,
vide little direct information about the effect of annelation ~ 1N€ rate constant for transfer from mobile to stationary
phase Ksm) is given by:

+Ing 2

dvhich is a function of the molar internal energ¥&sm) and

the pressure—volume worle AVsmy). The change in molar
volume (AVsy) is determined from the slope of a graph of
the natural logarithm of the retention factor versus pressure

structure.
To date, there have been no systematic studies that con- ~ 2kto 4
sider both the thermodynamic and kinetic behavior as a func-"™Ms — "2~ (4)

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 2k21g

from 273 to 303K and an average pressure range from 5g5ksm = Kkims = 72 (5)
to 3585psi (1 psi= 689476 Pa), the thermodynamic and
kinetic behavior are characterized by previously established
methodology[22—24] The retention factors are calculated,

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

wherer represents the exponential contribution to variance
that arises from slow kinetid®3,24] During this transfer,

together with the concomitant changes in molar enthalpy andthe solgtes pass through a high-energy transition state (%)
that uniquely characterizes the path-dependent aspects of

molar volume, to characterize the thermodynamic behavior. the retention mechanism. The kinetic rat nstant 0 b
The rate constants are calculated, together with the concomi- € retention mechanism. The Kinetic rate constants can be
used to calculate the activation enthalpiesHg.,,, AHt)

tant changes in activation enthalpy and activation volume, to d activati | AV ated with h
characterize the kinetic behavior. These data provide a holis—;‘ln E?lt‘_: va Ito? vo u.mesA( Vim: AVis) associated wi €
tic view of the effect of annelation structure on the retention o> State via.

mechanism in reversed-phase liquid chromatography. INkem=In Az AHyyn +RT— P AVy, ()
sm — m
RT

AHyg+RT — P AVyg
2. Theory INkms = InAts — RT (7)

where At and A4 are the pre-exponential factors from

the Arrhenius equatiof23,25,26] The activation enthalpy

a synthesis of traditional thermodynamic and transition can be calculated by graphing the natural logarithm of the
Jate constant versus inverse temperature at constant pres-

state theories. The thermodynamic parameters describe th Under th ion that th i hal d
path-independent measures of solute transfer from the mo-Sure. Un er the assumption that the activation enthalpy an

bile to stationary phase. These parameters are calcula‘ted’Olume are temperature independent, the activation enthalpy
from the retention factork: Is determined from the slope of the line. Similarly, the acti-

vation volume can be calculated from a graph of the natural
tr —to 1 logarithm of the rate constant versus pressure at constant
= (1) temperature.

As previously describef23,24] the calculation of ther-
modynamic and kinetic contributions to retention requires

k
Io



SB. Howerton, V.L. McGuffin/J. Chromatogr. A 1030 (2004) 3-12 5

00d

Benz[alanthracene

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

The polyimide coating is removed from the capillary
column at two positions (23.2 and 58.3cm) 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 (1Q0m, 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

As depicted inFig. 1, four polycyclic aromatic hy-  stored by a user-defined program (Labview v5.1, National
drocarbons have been chosen to investigate the ef-|nstruments).

fect of annelation on the thermodynamics and kinetics

of retention. Pyrene, berglpnthracene, chrysene, and 33 Data analysis

benzof]phenanthrene (Sigma—Aldrich) were obtained as

solids and dissolved in high-purity methanol (Burdick  After collection, the zone profile for each PAH is

and Jackson, Baxter Healthcare) to yield standard solu-extracted from the chromatogram using the previously es-

tions at a concentration of IOM. A non-retained marker,  taplished conditions for the minimum number of points, in-

4-methylhydroxy-7-methoxycoumarif£7], was added t0  tegration limits, and signal-to-noise rafi22]. Each profile

each solution at a concentration of ZM. To ensure solu- g fit by non-linear regression to an appropriate equation,

bility of the PA!—|s, the solut'ions were equilibrated at each 55 giscussed in the following sections, by using a commer-

temperature prior to analysis. 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
The PAHSs are separated on a capillary liquid chromatog- zone profile arise solely from processes occurring on the

raphy system that has been described previdusiy?3,24] column. A result of using this method is that the upper limit

The methanol mobile phase is delivered by a single-piston of resolution for the rate constants can be expanded beyond

reciprocating pump (Model 114M, Beckman Instruments), that reported in previous wor23].

operated in the constant pressure mode. After injection

(Model ECI4W1, Valco Instruments), the samples are split 3.3.1. Exponentially modified Gaussian equation

©
5
o)

®

Benzo[c]phenanthrene

20

Fig. 1. Structure of the polycyclic aromatic hydrocarbons.

3. Experimental

3.1. Solutes

3.2. Experimental system

between the column and a fused-silica capillary (160
i.d., Polymicro Technologies), resulting in an injection vol-
ume of 12nl and a nominal flow rate of 1.80min. The
column is a fused-silica capillary (76 cxm 200pum i.d.,

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

Hewlett-Packard) that is packed via the slurry method and demonstrated to have physical meanj@g,24] The EMG

terminated with a quartz wool fri28]. The silica packing

is characterized by a 5/ particle size, 190 A pore size,
and 240 /g surface area (IMPAQ 200, PQ Corp.), reacted
with trifunctional octadecylsilane to produce a polymeric
phase with bonding density of Sunol/m?. A fused-silica
capillary (20um 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,

equation is the convolution of a Gaussian and an exponential
function, with the resulting form:

2

C(t)—Aex A Bkl | P
T2 p212 T V20

7)Y
©

whereC(t) is the concentration as a function of timfethe

the pressure drop along the column is held constant as thepeak areatq the retention time of the Gaussian component,

average pressure is varied from 585 to 3585 pgsif psi).
The column, injector, splitter, and restrictor are housed

o the standard deviation of the Gaussian component;rand
is the exponential component. Symmetrical zone broadening
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that arises from processes such as diffusionand mass transfer 1
is quantified byy. Asymmetrical broadening that arises from a2 = kmsfo
volumetric sources (i.e. injectors, unions, etc.), electronic

(12)

Using the established relationship between the retention fac-
%or and the rate constants £ ksm/kns), the adsorption rate

(i.e. slow kinetics) are quantified by Because asymmetry constant can also be calculated.

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 ofegs. (1), (4) and (5)where:

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 aresult, a new equa-
tion was developed to test whether two distinct sites were
present. The bi-exponentially modified GaussiaRMB)
r=tg+T C)] equation is the convolution of a Gaussian and two exponen-

) tial functions, with the resulting form:
In order to ensure that the results from these experiments

are statistically reliable, replicate measurements are made _hoym/2exp—(1 — tg)2/202)
at each temperature and pressure. From these replicates, thg(t) - 1 — 1

standard deviations ity, 7, andtg are used to calculate . 2 2
the propagated error in the retention factor Eg (1) The X !exp|:( gt ;a /e) ]
maximum relative error it is +£0.27%. Similarly, the prop- 20

agated error in the rate constants is calculatedBeja. (4) |: (trl — ity — 02>:|
and (5) For bothkns andksm, the relative error ranges from x |1l+erf| ————
+1.9 to 7.1%. The major contribution to the propagated er- V2no

ror was found to arise from deviations in The small error o |:(—r+ tg+ (oz/rz))2:|

in the retention factor and rate constants contributes to the

202
error in the derived quantities such as molar enthalpy, mo-
lar volume, activation enthalpy, and activation volume (see T9 — Totg — 0%
below) > ( x | L+erf| —=2— (13)
. \/5120

At the lowest temperature (273K), the EMG equation
does not show the same quality of fit as at higher tempera-Whereh is the heightfq the retention time of the Gaussian
tures. Hence, two other models are examined to determinecomponenty the standard deviation of the Gaussian com-
whether they provide a better description of the solute zone Ponent, andr; andr, are the exponential components for

profiles. the first and second kinetic site, respectively. This equation,
originally developed by Dellejy31], presumes that the two
3.3.2. Non-linear Chrornatography equation kinetic events are of equal probablllty

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 4. Results and discussion

NLC equation was developed by Wade et al. in 1887:
4.1. Thermodynamic behavior

CcH= 40 1-—ex as
T asas P as 4.1.1. Retention factors
V@@ /x) (2 Jaix/az)exp((—x — az)/az) Representative values of the retention factor are sum-
[ 1~ T(ay/az, x/an)[L — exp(—aa/a2)] ] marized in Table 1 It is apparent that the retention
(10) Table 1
where Retention factors for PAH isomers
u Soluté* Ko ke
— AV —1

T(u,v)=¢ /0 e fo(v2up) dt (11) 273K 303K 585 psi 3585 psi
andlo andl; are modified Bessel functions of the first kind. P 1.89 0.84 131 1.36
The fitting parameters that are incorporated in the NLC BaA >33 145 2.99 3.26

gp \a orp _ Chr 8.12 1.83 4.20 4.64
model are the areaq), position @), width (a2), and distor- BcP 1.59 0.80 1.19 1.21

ion . If the chrom raphi re transformed from

tf? (%) d t e'c 0 hatOg ap. cciataagta SC‘).E e?- 0 a Pyr: pyrene, BaA: benalanthracene, Chr: chrysene, BcP:
the time domain to the retention factor domain fq. (1) benzoJphenanthrene.

then these parameters can be used to calculate the lumped b Retention factorK) calculated at 3585 psi.

desorption rate constant: ¢ Retention factorK) calculated at 283 K.
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factor for all PAHs decreases with increasing tempera- Table 2
ture and increases with increasing pressure. RetentionMolar enthalpy and molar volume for PAH isomers

also decreases as a function of the length-to-breadth ratiosolute AHsm (kcal/molft AVsm (ml/mol)°
(i.e. pyrene< benzg]anthracene< chrysene), with the 44102 19+1
exception of benza]phenanthrene. As noted previously, gaa 71402 96+ 1
benzof]phenanthrene is slightly non-planar due to steric chr -82402 -117+1
hindrance of the hydrogen atoms in the bay region. When BcP -38+£02 -13+1
compared to data reported previously for non-planar six-ring  a mojar enthalpy Hsm) calculated at 3585 psi.

PAHs [23], the retention factor for benzgphenanthrene b Molar volume (Vs calculated at 283K.

is larger than those for phenanthro[@phenanthrene and

tetrabenzonaphthalene. This suggests that the smaller deis enthalpically favorable. As shown ifable 2 the most

gree of non-planarity of benzgphenanthrene allows for condensed of the planar solutes, pyrene, has the smallest
greater interaction with the stationary phase. Moreover, an change whereas the least condensed, chrysene, has the great-
increase in pressure causes a slight increase in retention foest change in molar enthalpy. These differences in molar
benzof]phenanthrene, but causes a decrease in retention forenthalpy can be attributed to the depth that each PAH pene-
phenanthro[3,4]phenanthrene and tetrabenzonaphthalene. trates into the stationary phase. The proximal regions, where
Hence, compression of the stationary phase causes greatehe alkyl group is bound to the silica surface, are highly or-
interaction of the alkyl chains with benzphenanthrene,  dered with all trans carbon—carbon bonds. As the distance
similar to the planar solutes, but causes expulsion of the from the surface increases, there are more gauche bonds and

other non-planar solutes. greater disordef32—34] The more condensed PAHS, such
as pyrene, probe only the distal regions, whereas less con-
4.1.2. Molar enthalpy densed PAHSs, such as chrysene, penetrate more deeply into

A representative graph of the logarithm of the retention the ordered regions of the stationary phase. Consequently,
factor versus the inverse temperature is showfign 2 The the change in molar enthalpy becomes more negative the
change in molar enthalpy is calculated from the slope of this farther the PAH penetrates into the stationary phase. It is
graph, according t&q. (2) The graph for each PAH is lin-  noteworthy that benzo]phenanthrene exhibits changes in
ear (R? = 0.991-0.999) and the slope is positive. A positive molar enthalpy that are smaller than the other PAHs, even
slope is indicative of a negative change in molar enthalpy and though it is not the most condensed. It is hypothesized that
suggests that the transfer from mobile to stationary phasethe non-planar character of bendphenanthrene does not

10

RETENTION FACTOR

0-1 L T T T T T T T
3.25 3.30 3.35 3.40 3.45 3.50 3.55 3.60 3.65 3.70

1/ TEMPERATURE (x 10° K™

Fig. 2. Representative graph of the retention factor vs. inverse temperature used to calculate the change in molar enthalpy. Column: polgoysitazctad
Mobile phase: methanol, 3585 psi, 0.08 cm/s. Solutes: pyr®ne lfenzplanthracene M), chrysene A), benzof]phenanthrene@®). Other experimental
details as given in the text.
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Fig. 3. Representative graph of the retention factor vs. pressure used to calculate the change in molar volume. Column: polymeric octadebylsilica. M
phase: methanol, 283K, 0.08 cm/s. Symbols defineHign 2 Other experimental details as given in the text.

allow it to penetrate as deeply into the high-density poly- non-planar PAHs, phenanthro[3¢fhhenanthrene and tetra-
meric stationary phase. This effect has been noted previouslybenzonaphthalene, which exhibit positive changes in molar
with other non-planar PAHEL1-13,19,20] The molar en- volume[15,23] The molar volumes reported herein are con-
thalpies reported herein are consistent with those in previoussistent with those in previous investigatid2s].
investigationg23].
4.2. Kinetic behavior

4.1.3. Molar volume

A representative graph of the logarithm of the retention 4.2.1. Rate constants
factor versus pressure is shown kig. 3. The change in Although the thermodynamic data demonstrate the
molar volume is calculated from the slope of this graph, ac- steady-state aspects of chromatographic behavior, they do
cording toEq. (3) Again, the graph for each PAH is linear not fully explain the retention mechanism. Using the equa-
(R? = 0.984-0.998) and the slope is positive. A positive tions and methods developed above, the pseudo-first-order
slope is indicative of a negative change in molar volume and rate constants, activation enthalpies, and activation volumes
suggests that the PAH occupies less volume in the station-were calculated. These values help to quantify the kinetic
ary phase than in the mobile phase. As showiTable 2 aspects of PAH transfer between the mobile and stationary
the most condensed of the planar solutes, pyrene, has thehases as a function of the annelation structure.
smallest change whereas the least condensed, chrysene, hasRepresentative values of the rate constants, calculated
the greatest change in molar volume. These differences inusing Egs. (4) and (5)are summarized ifmables 3 and
molar volume, like the changes in molar enthalpy, can be 4. The most condensed of the planar solutes, pyrene, has
attributed to the depth that each PAH penetrates into the stathe largest rate constants, whereas the least condensed,
tionary phase. The more condensed PAHS, such as pyrenechrysene, has the smallest rate constants for transport
probe only the distal regions, whereas less condensed PAHsfrom mobile to stationary phasésf,) and from stationary
such as chrysene, penetrate more deeply into the ordered reto mobile phase kng). However, the non-planar solute,
gions of the stationary phase. Consequently, the change inbenzof]phenanthrene, has larger rate constants than the
molar volume becomes more negative the farther the PAH planar solutes. As shown ifiable 3 the rate constants
penetrates into the stationary phase. Again, it is notewor- for all PAHs increase with increasing temperature. This
thy that the non-planar solute, bengphenanthrene, has behavior is a consequence of the increased diffusion coeffi-
a smaller change in molar volume than the planar solutes.cients and the enhanced fluidity of the stationary phase. As
This is consistent with a smaller depth of penetration, as dis- more kinetic energy is imparted, the alkyl chains become
cussed above. However, itis not as extreme as for the six-ringmore labile and can more readily undergo rotation of the
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Table 3 Table 4
Rate constants for PAH isomers calculated by using the exponentially Rate constants for PAH isomers calculated by using the exponentially
modified Gaussian (EMG) model as a function of temperture modified Gaussian (EMG) model as a function of pressure
Solute kms (s71) ksm (s71) Solute kms (s7%) ksm (71
283K 293K 283K 293K 585 psi 3585 psi 585 psi 3585 psi

Pyr 198 1137 269 1179 Pyr 313 198 411 269
BaA 74 521 241 1099 BaA 73 62 224 202
Chr 7 58 34 163 Chr 14 7 61 34
BcP 216 1360 262 1330 BcP 330 216 395 262

@ Rate constants from stationary to mobile phagg)(and from mobile @ Rate constants from stationary to mobile phagg)(and from mobile
to stationary phasek{,) calculated at 3585 psi. to stationary phasek{) calculated at 283 K.

carbon-carbon bonds from the trans to gauche conforma- enthalpy. However, given the uncertainties in these values,
tion. In fact, this polymeric octadecylsilica stationary phase the differences are not statistically significant. The similar-
is known to undergo a phase transition in the vicinity of ity in values implies that the activation enthalpy is largely
318K [15,24] This increased lability enables the PAHs to independent of annelation structure, and suggests that the
diffuse in and out of the stationary phase more freely. As PAHs encounter a similar barrier at the interface between
shown inTable 4 the rate constants for all PAHs decrease the mobile and stationary phases. As the activation enthalpy
with increasing pressure. This behavior is a consequenceare compared to one another and to the change in molar en-
of the compression of the alkyl chains, which impedes the thalpy inTable 2 a trend emergesiHt, > AHt, > AHsm.
PAH diffusion in and out of the stationary phase. Thus, the enthalpic barrier for the transition is significantly
greater than the thermodynamic change in molar enthalpy.
4.2.2. Activation enthalpy
A representative graph of the logarithm of the rate con- 4.2.3. Activation volume
stant versus the inverse temperature is showFign4. The A representative graph of the natural logarithm of the rate
activation enthalpy is calculated from the slope of this graph, constant versus pressure is showrFig. 5 The activation
according tdegs. (6) and (7)As shown inTable 5 there are  volume is calculated from the slope of this graph, according
slight differences that indicate the most condensed solute,to Eqgs. (6) and (7)In contrast to the activation enthalpies,
pyrene, has the smallest activation enthalpies whereas thehe activation volumes are a statistically significant function
least condensed solute, chrysene, has the greatest activatioof the annelation structure. As shownTable § the most

10000 5
1000 4
o ]
— i
4 i
<
%
Q100 1
O ]
© ]
il 4
3
10 4
1 T T T T T T T T

3.25 3.30 3.35 3.40 3.45 3.50 3.55 3.60 3.65 3.70
1/ TEMPERATURE (x 10° K™

Fig. 4. Representative graph of the rate constipt)(vs. inverse temperature used to calculate the activation enthalpy. Column: polymeric octadecylsilica.
Mobile phase: methanol, 3585 psi, 0.08 cm/s. Symbols definddgn2 Other experimental details as given in the text.
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Fig. 5. Representative graph of the rate constift)(vs. pressure used to calculate the activation volume. Column: polymeric octadecylsilica. Mobile
phase: methanol, 283K, 0.08 cm/s. Symbols defineBign 2 Other experimental details as given in the text.

condensed of the planar solutes, pyrene, has the smallestletailed investigation was warranted. First, in order to en-
activation volume whereas the least condensed, chrysenesure that this effect did not arise from limited solubility, the
has the greatest activation volume. The non-planar solute,PAH solutions were equilibrated at 273 K prior to injection.
benzof]phenanthrene has a smaller activation volume than No statistically significant differences were observed in the
the planar solutes. Similar to the enthalpic trends, the activa- PAH zone profiles or the quality of fit to the EMG equation.
tion volumes and the change in molar volume demonstrate To examine whether the low temperature causes a change

the trend ofAVg > AVy, > AVsm. Hence, the volumet-  in the retention mechanism, two alternative models were
ric barrier for the transition is large, even though the overall examined. The first alternative was the non-linear chro-
change in molar volume is relatively small. matography model. The retention factors for the PAHs
increase with decreasing temperaturake J), thereby in-
4.2.4. Kinetic deviations creasing the concentration in the stationary phase. Hence,

In the studies presented above, the PAH zone profiles werethe isotherm might be expected to deviate from linear-
fit very well by the EMG equation, with typica®? values ity at low temperature. Accordingly, the NLC model
of 0.99 or greater. However, it was noted that the quality (Eq. (10) was used to iteratively fit each of the PAH zone
of fit was degraded slightly for some PAHs at the lowest profiles that showed deviant behavior. This model, too, gave
temperature (273 K), witR? values of 0.98-0.99 and small R? values of 0.98-0.99 and exhibited small non-random
non-random residuals along the tailing edge of the zone pro-residuals from the observed zone profiles. As shown in
file. As these deviations from the EMG model may poten- Table 7 the quality of fit for the NLC and EMG models was
tially arise from a change in the retention mechanism, more

Table 6

Table 5 Activation volumes for PAH isomefs
Activation enthalpies for PAH isométs Solute AV, (mimol) AV, (miimol)
Solute AHz (kcal/mol) AHg,,, (kcal/mol) Pyr 47+ 7 43+ 7
Pyr 24+ 3 19+ 3 BaA NR® NR
BaA 25+ 4 17+ 3 Chr 69+ 9 57+ 9
Chr 31+ 2 234+ 2 BcP 38+ 13 37+ 13
BeP 2r+3 23+ 3 a Activation volumes from stationary phase to transition stat®' )

a Activation enthalpies from stationary phase to transition staté ) and from mobile phase to transition state\y,) calculated at 283K.
and from mobile phase to transition stattHy,,,) calculated at 283 K b Not statistically reliable (NR) owing to large relative standard devi-

and 3585 psi. 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) médels

Solute EMG NLC

kms (571 kem (1) R Kms (571 kem (s7h) RRP
Pyr 38 69 0.996 12 23 0.999
BaA 12 64 0994 7 37 0.999
Chr 1 11 0987 6 44 0.993
BcP 52 84 0.997 12 20 0.999

@ Rate constants from stationary to mobile phagg)(and from mobile
to stationary phasek{) calculated at 273K and 3585 psi.
b Square of correlation coefficient for non-linear regressigf).(

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, ben#]anthracene, and benzjphenanthrene 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 EMG model Eq. (13) was used to iteratively fit each of
the PAH zone profiles that showed deviant behavior. These
results, summarized ifable § 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 PAHSs, the?MIG equation forces; and
72 t0o assume values very close to one another. The rate con
stants are the same for both sites, but are larger than thos
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 &hat neither the NLC nor
the EMG 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 @MG) model for two sited

Solute  Site 1 Site 2 R2b
kms (s71) ksm (s7%) kms (s71) ksm (s7%)

Pyr 79 148 79 148 0.999

BaA 32 171 32 171 0.998

Chr NR NR NR NR -

BcP 24 37 24 37 0.998

a Rate constants from stationary to mobile phdgg)(@and from mobile
to stationary phasek{y) calculated at 273K and 3585 psi.

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

¢ Not statistically reliable (NR) owing to overflow and underflow errors
in non-linear regression.

11
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 cak 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 investigatiorf$7,19]
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