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Thermodynamic and kinetic characterization of nitrogen-containing
polycyclic aromatic hydrocarbons in reversed-phase liquid

chromatography
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Abstract

A series of five nitrogen-containing polycyclic aromatic hydrocarbons (NPAHs) was studied on polymeric octadecylsilica using methanol
and acetonitrile as the mobile phase. The thermodynamic and kinetic behavior was examined as a function of ring number, annelation structure,
and position of the nitrogen atom. The retention factors for the NPAHs are smaller than those for the parent PAHs in methanol, while the
converse is true in acetonitrile. The changes in molar enthalpy are relatively comparable in both mobile phases with 1-aminopyrene having
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alues of−5.0± 0.2 kcal/mol in methanol and−6.3± 0.7 kcal/mol in acetonitrile (1 cal = 4.184 J). However, the rate constants from m
o stationary phase (ksm) and from stationary to mobile phase (kms) demonstrate large differences as a function of mobile phase. For ex
he rate constantskms for 1-aminopyrene and 4-azapyrene are 675 and 62 s−1, respectively, in methanol at 303 K. In contrast, the same so
emonstrate rate constants of 3.47 and 3.9× 10−3 s−1, respectively, in acetonitrile. The activation energies for transfer from mobile ph

ransition state (�E‡m) and from stationary phase to transition state (�E‡s) also differ as a function of mobile phase. For example, the activ
nergies�E‡s for 1-aminopyrene are 21 and∼0 kcal/mol, whereas those for 4-azapyrene are 19 and 23 kcal/mol, in methanol and ace
espectively. Based on these thermodynamic and kinetic results, the relative contributions from the partition and adsorption mech
iscussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of
ompounds that present a recognized health hazard. As a re-
ult, many studies have been conducted to investigate the
iological and chemical properties of these substances[1–3].
hen formed at elevated temperatures, PAHs may contain

ubstituent moieties that alter their toxicity. Two substitutions
hat lead to highly toxic analogues involve the exchange of a
arbon atom with nitrogen to form an azaarene, and the re-
lacement of a hydrogen atom with an amino or nitro group.
hese solutes are collectively known as nitrogen-containing
olycyclic aromatic hydrocarbons (NPAHs). NPAHs are

∗ Corresponding author. Tel.: +1 517 355 9715; fax: +1 517 353 1793.
E-mail address:jgshabus@aol.com (V.L. McGuffin).

commonly found in fossil fuels and their derivatives, altho
some may also form during combustion processes.

Relative to their parent PAHs, NPAHs are more solub
aqueous environments. Increased water solubility resu
an increased potential for harm. For example, 1-aminopy
demonstrates a 50-fold increase in mutagenic activity w
compared to the parent PAH, pyrene[4]. Similarly, azaarene
demonstrate increased carcinogenicity when compar
their parent PAHs[5–7].

Studies have been carried out to determine the pre
of NPAHs in fossil fuels[8–12], coal substitutes[13], lake
sediment[14], urban aerosols[15], as well as from th
degradation of polymers[16]. In order to identify and dif
ferentiate NPAHs, many investigators have used chrom
graphic techniques because of their high resolving po
These techniques have included gas[12,17,18], thin layer
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[19], supercritical fluid[20], and liquid chromatography
[8–11,16,17,21–26]. In nearly all instances, the chromato-
graphic applications have focused upon the optimization of
the separation or upon qualitative and quantitative analysis,
rather than a detailed examination of the molecular contri-
butions to retention. The most noteworthy study by Colin et
al. [21] examined the retention of 26 mono-substituted and 5
di-substituted aza-PAHs in reversed-phase liquid chromatog-
raphy as a function of the mobile and stationary phase com-
positions. They reported that the aza-PAHs are separated on
the basis of carbon number with aqueous methanol mobile
phases and octadecylsilica stationary phases, whereas the po-
sition of the nitrogen atom(s) has a greater effect with aqueous
tetrahydrofuran or acetonitrile mobile phases and octylsil-
ica stationary phases. They observed dramatic tailing, which
was attributed to interactions with unreacted silanol groups
and/or the slow equilibrium between the neutral and proto-
nated forms of the aza-PAHs. Although these observations
suggest unusual thermodynamic and kinetic behavior, to the
best of our knowledge, no quantitative explorations of this
behavior have been published.

To overcome this dearth of information, the thermody-
namics and kinetics of retention for a series of NPAHs are
presented herein. Using theory and methodology developed
previously for the characterization of PAHs[27,28], the reten-
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whereR is the gas constant andT is the absolute temperature.
The change in molar enthalpy is determined from the slope
of a graph of the natural logarithm of the retention factor
versus inverse temperature at constant pressure. 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,

lnk = −�Esm + T �Ssm − P �Vsm

RT
− lnβ (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) at constant temperature.

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

kms = 2kt0

τ2
(4)

whereas the rate constant for transfer from mobile to station-
ary phase (ksm) is given by:

ksm = kkms = 2k2t0

τ2
(5)
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ion factors and rate constants for the NPAHs are determ
s a function of temperature and pressure. The effect o
ile phase is examined by using methanol as a model of p
olvents and acetonitrile as a model of aprotic solvents. F
he retention factors, the changes in molar enthalpy and m
olume are quantitated. From the rate constants, the activ
nergy and activation volume are quantitated. This ana
rovides insight into the retention mechanism of NPAH
eversed-phase liquid chromatography.

. Theory

As previously described[27,30], the calculation of the
odynamic and kinetic contributions to retention requir

ynthesis of traditional thermodynamic and transition s
heories. The thermodynamic parameters describe the
ndependent measures of solute transfer from mobile to
ionary phase. These parameters are calculated from t
ention factor (k):

= tr − t0

t0
(1)

heretr andt0 are the elution times of a retained and n
etained solute, respectively. The retention factor is re
o the changes in molar enthalpy (�Hsm) and molar entrop
�Ssm) by the Van’t Hoff equation:

nk = −�Hsm

RT
+ �Ssm

R
− lnβ (2)
hereτ represents the exponential contribution to varia
hat arises from slow mass transfer kinetics[27,30]. During
his transfer, the solutes pass through a high-energy tran
tate (‡) that uniquely characterizes the path-dependen
ects of the retention mechanism. The kinetic rate cons
an be expressed by means of the Arrhenius equation:

nksm = lnA‡m − �E‡m

RT
(6)

nkms = lnA‡m − �E‡s

RT
(7)

hereA‡m andA‡s are the pre-exponential factors[27,30,31].
he activation energy (�E‡m and�E‡s) is determined from

he slope of a graph of the natural logarithm of the rate
tant versus inverse temperature at constant pressure.
lassical thermodynamic relationships[31,32],

nksm = lnA‡m − �H‡m + RT − P(�V‡m)

RT
(8)

nkms = lnA‡s − �H‡s + RT − P(�V‡s)

RT
(9)

he activation volume (�V‡m, �V‡s) is determined from th
lope of a graph of the natural logarithm of the rate con
ersus pressure at constant temperature. From the acti
nergy and activation volume, the activation enthalpy (�H‡m,
H‡s) can also be calculated. However, the activation

halpy is influenced by the error in both the activation en
nd activation volume and, thus, cannot always be rel
etermined.
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Fig. 1. Structure of the nitrogen-substituted polycyclic aromatic hydrocar-
bons (NPAHs).

3. Experimental

3.1. Chemicals

As depicted inFig. 1, five NPAHs are chosen to study
the effect of nitrogen position, ring number, and annelation
structure on the thermodynamics and kinetics of retention. 1-
Aminopyrene (Sigma–Aldrich), 1-azapyrene, 4-azapyrene,
benz[a]acridine, and dibenz[a,j]acridine (Instiẗut für PAH
Forschung) are obtained as solids and dissolved in high-purity
methanol and acetonitrile (Burdick and Jackson, Baxter
Healthcare) to yield standard solutions at a concentration
of 10−4 M. A nonretained marker, 4-hydroxymethyl-7-
methoxycoumarin[33], is added to each solution at a con-
centration of 10−4 M.

3.2. Experimental system

The solutes are separated on a capillary liquid chromatog-
raphy system that has been described previously[27,33].
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. Columns prepared by this
method have very uniform packing across the diameter and
along the length[34]. The silica packing is characterized by
a
f nal

octadecylsilane to produce a polymeric phase with bonding
density of 5.4�mol/m2. Although this stationary phase is not
commercially available, it may be considered representative
of high-density, polymeric octadecylsilica phases. The col-
umn has a plate height (H) of 15�m, reduced plate height
(h) of 2.73, total porosity (εT) of 0.84, and flow resistance
parameter (φ) of 500. The column is operated at a nominal
flow rate of 1.05�L/min, linear velocity (v) of 0.055 cm/s,
and reduced velocity (ν) of 2.75.

The methanol and acetonitrile mobile phases are delivered
by a single-piston reciprocating pump (Model 114M, Beck-
man Instruments), operated in the constant-pressure mode.
After injection (Model ECI4W1, Valco Instruments), the
samples are split between the column and a fused-silica cap-
illary (100�m i.d., Polymicro Technologies), resulting in an
injection volume of 10 nL. A fused-silica capillary (20�m
i.d., Polymicro Technologies) is attached to the column ter-
minus to serve as a restrictor. By reducing the length of the
splitter and restrictor proportionally, the pressure drop along
the column is held constant as the average pressure is var-
ied from 585 to 3585 psi (±15 psi) (1 psi = 6894.76 Pa). The
column, injector, splitter, and restrictor are housed within a
cryogenic oven (Model 3300, Varian Associates) that enables
the temperature to be varied from 283 to 333 K (± 0.1 K).

The polyimide coating is removed from the capillary
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5.5�m particle size, 190̊A pore size, and 240 m2/g sur-
ace area (IMPAQ 200, PQ Corp.), reacted with trifunctio
olumn at two positions (23.2 and 58.3 cm) to facilit
n-column detection by laser-induced fluorescence.
ptical and electronic components of this system w
esigned and constructed in-house to ensure that all

ributions to variance are identical at each detector p
ion. A helium–cadmium laser (Model 3074-20 M, Mel
riot) provides excitation at 325 nm, which is transmitte

he column by a UV-grade optical fiber (100�m, Polymicro
echnologies). The fluorescence signal is collected ort
nal to the incident beam by a large diameter optical
500�m, Polymicro Technologies), isolated by a 420
nterference filter (S10-410-F, Corion), and detected
hotomultiplier tube (Model R760, Hamamatsu). The res

ng photocurrent is amplified, converted to the digital
ain (Model PCI-MIO-16XE-50, National Instruments), a

tored by a user-defined program (Labview v5.1, Nati
nstruments).

.3. Data analysis

After collection, the zone profile for each solute
xtracted from the chromatogram using the previously e

ished conditions for the minimum number of points, integ
ion limits, and signal-to-noise ratio[35]. Each profile is fi
y nonlinear regression to the exponentially modified G
ian (EMG) and nonlinear chromatography (NLC) equati
hich are discussed in the following sections, by using a c
ercially available program (Peakfit v4.14, SYSTAT S
are). The resultant fitting parameters are then subtrac
etermine the change between the two detectors. This m
nsures that all measured changes in the solute zone p
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arise solely from processes occurring on the column. A result
of using this method is that the upper limit for the rate con-
stants can be expanded beyond that reported in previous work
[27].

3.3.1. Exponentially modified Gaussian equation
The first model used to analyze the zone profiles is the ex-

ponentially modified Gaussian (EMG) equation. The EMG
equation is chosen because the statistics of fit are better than
for any other model that has been demonstrated to have physi-
cal meaning[30,35]. The EMG equation is the convolution of
Gaussian and exponential functions, with the resulting form:

C(t) = A

2τ
exp

[
σ2

2τ2
+ tg − t

τ

]

×
[
erf

(
t − tg√

2σ
− σ√

2τ

)
+ 1

]
(10)

whereC(t) is the concentration as a function of time,A is the
peak area,tg is the retention time of the Gaussian component,
σ is the standard deviation of the Gaussian component, and
τ is the exponential component. Symmetrical zone broaden-
ing, which arises from diffusion and mass transfer processes
that are fast relative to the separation time, is quantified by
σ. Asymmetrical broadening, which arises from volumetric
s (i.e.
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are the area (a0), position (a1), width (a2), and distortion (a3).
If the chromatographic data are transformed from the time
domain to the retention factor domain via Eq.(1), then these
parameters can be used to calculate the lumped desorption
rate constant:

a2 = 1

kmst0
(14)

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

4. Results and discussion

Based on previous experience with the parent PAHs
[27,28], the EMG function was chosen for regression of the
NPAH zone profiles in initial studies. The zone profiles in
methanol mobile phase, shown inFig. 2A, are similar to
those observed in previous studies. The overall quality of fit
is high, exhibiting random residuals and large values for the
square of the correlation coefficient (R2 > 0.98) and F-statistic
(F> 1000). However, the zone profiles in acetonitrile mobile
phase, shown inFig. 2B, are quite different and demonstrate a
much higher degree of asymmetry. This asymmetry may arise
f ither
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ources (i.e., injectors, unions, etc.), electronic sources
mplifiers, etc.), and diffusion and mass transfer proce

hat are slow relative to the separation time, is quantifie
. Because asymmetry from volumetric and electronic
ributions is constant at each detector, the contribution
low kinetics can be determined by difference between
wo detectors. The resulting values of the EMG fitting
ameters can be used to characterize the thermodynam
inetic behavior by means of Eqs.(1), (4), and(5), where

r = tg + τ (11)

.3.2. Nonlinear chromatography equation
The second model used to analyze the zone profil

he nonlinear chromatography (NLC) equation. Initially
cribed by Thomas[36], the current form of the NLC equatio
as developed by Wade et al.[37]

(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)

]
]
(12)

here

(u, v) = e−v

u∫
0

e−tI0(
√

2vt) dt (13)

ndI0 andI1 are modified Bessel functions of the first ki
he fitting parameters that are incorporated in the NLC m
rom a change in retention mechanism from partition to e
dsorption or mixed mode partition–adsorption. As a re

he zone profiles in acetonitrile were analyzed by using
LC model, which was thought to be more appropriate

he adsorption mechanism. However, the NLC model fa
o produce any improvement in the quality of fit (R2 > 0.95,
> 1000). Moreover, the zone profiles did not change

unction of concentration, which suggests that the isoth
s linear rather than nonlinear. Consequently, the EMG m
as used throughout this study to provide consistency i

hermodynamic and kinetic results.

ig. 2. Representative chromatograms of 4-azapyrene in reversed
iquid chromatography. Column: polymeric octadecylsilica. Mobile ph
A) methanol, 303 K, 2085 psi, 0.08 cm/s; (B) acetonitrile, 303 K, 2185
.08 cm/s. Column: polymeric octadecylsilica. Other experimental deta
iven in the text.
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Table 1
Retention factors for NPAHs in methanol mobile phase

Solute ka kb

288 K 303 K 585 psi 3585psi

1-Aminopyrene 0.35 0.23 0.35 0.35
1-Azapyrene 0.94 0.52 0.95 0.94
4-Azapyrene 0.78 0.48 0.79 0.78
Benz[a]acridine 1.03 0.58 0.97 1.03
Dibenz[a,j]acridine 3.26 1.52 2.96 3.26

a Retention factor (k) calculated atP= 3585 psi.
b Retention factor calculated atT= 288 K.

4.1. Methanol mobile phase

4.1.1. Thermodynamic behavior
4.1.1.1. Retention factor.Representative values of the reten-
tion factor for the NPAHs in methanol mobile phase are sum-
marized inTable 1. The retention factors for the NPAHs are
notably smaller than those for the parent PAHs on the same
stationary phase[27,28]. 1-Aminopyrene, 1-azapyrene, and
4-azapyrene have retention factors that are smaller by 73%,
38%, and 43%, respectively, than pyrene (k= 0.84 at 303 K).
Similarly, the retention factor for benz[a]acridine is 60%
smaller than that for benz[a]anthracene (k= 1.46 at 303 K).
This decreased retention is due to the increased polarity of
the NPAHs relative to the PAHs. Because the partition mech-
anism is governed by differences in relative solubility in the
polar mobile phase and nonpolar stationary phase[38], the
more polar NPAHs are less retained. It is noteworthy that the
trends in retention factor for the NPAHs are the same as those
identified previously for the PAHs. Retention increases with
the number of aromatic rings[27] and decreases with more
condensed annelation structure[28] or length-to-breadth ra-
tio [29]. These trends are consistent with the partition mech-
anism.

As shown inTable 1, the retention factor for all solutes de-
creases significantly (34–53%) with increasing temperature.
T eas-
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r nes.
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F

Fig. 3. Representative graph of the retention factor vs. inverse temperature
used to calculate the change in molar enthalpy. Mobile phase: methanol,
2085 psi, 0.08 cm/s (—); acetonitrile, 2185 psi, 0.08 cm/s (– – –). Solutes: 1-
aminopyrene (♦), 1-azapyrene (�), 4-azapyrene (�), benz[a]acridine (�),
dibenz[a,j]acridine (�). Other experimental details as given in the text.

As shown inTable 2, the changes in molar enthalpy are
the least negative for 1-aminopyrene, are comparable for 1-
azapyrene and 4-azapyrene, and become progressively more
negative for benz[a]acridine and dibenz[a,j]acridine. These
changes in molar enthalpy follow the same trends as observed
for the parent PAHs[27,28]. These trends indicate that the
change in molar enthalpy becomes more negative with in-
creasing ring number and with less condensed annelation
structure. The reasons for these trends have been discussed
previously[28] and may be attributed to the depth to which
each PAH can penetrate into the stationary phase. The proxi-
mal regions, where the alkyl group is bound to the silica sur-
face, are highly ordered with all trans carbon–carbon bonds.
As the distance from the surface increases there are more
gauche bonds and greater disorder[39,40]. The more con-
densed PAHs, such as pyrene, probe only the distal regions,
whereas less condensed PAHs, such as benz[a]anthracene,
can penetrate more deeply into the ordered regions of the sta-
tionary phase. Consequently, the change in molar enthalpy
becomes more negative the farther the PAH penetrates into
the stationary phase.

When compared to the parent PAH, pyrene
(�Hsm=−4.4 kcal/mol [28], 1 cal = 4.184 J), the change
in molar enthalpy is 0.6 kcal/mol more negative for 1-

T
C obile
p

S

1
1
4
B
D

d.
he retention factor increases slightly (6–10%) with incr
ng pressure for benz[a]acridine and dibenz[a,j]acridine, bu
emains statistically invariant for the amino- and azapyre
he reasons for this behavior are discussed below in fu
etail.

.1.1.2. Molar enthalpy.A representative graph of the lo
rithm of the retention factor versus the inverse temper
Van’t Hoff plot) is shown inFig. 3. The data for the methan
obile phase are represented using solid lines. The gra
ach solute is linear (R2 = 0.986–0.999) and the slope is p

tive. A linear graph indicates that the change in molar
halpy is constant, which suggests that there is no signifi
hange in retention mechanism over the temperature
f 283–303 K. A positive slope is indicative of a nega
hange in molar enthalpy, which suggests that the tra
rom mobile to stationary phase is enthalpically favora
he change in molar enthalpy is calculated from the slop
ig. 3, according to Eq.(2).
able 2
hanges in molar enthalpy and molar volume for NPAHs in methanol m
hase

olute �Hsm (kcal/mol)a �Vsm (mL/mol)b

-Aminopyrenec −5.0± 0.2 −1.7± 2
-Azapyrene −5.7± 0.3 −0.1± 4
-Azapyrene −5.6± 0.2 −1.5± 5
enz[a]acridine −6.6± 0.1 −6.8± 1
ibenz[a,j]acridine −8.9± 0.1 −10.7± 1
a Molar enthalpy (�Hsm) calculated atP= 2085 psi.
b Molar volume (�Vsm) calculated atT= 288 K, except as otherwise note
c Molar volume calculated atT= 283 K.
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aminopyrene and 1.2–1.3 kcal/mol more negative for the
azapyrenes on the same stationary phase. Interactions
with the octadecyl groups are relatively similar for these
solutes. Hence, the differences may arise from interactions
with silanol groups, either on the silica surface or on
incompletely reacted and hydrolyzed molecules of the
trifunctional octadecylsilane[21,41]. The PAHs interact
very weakly with the silanol sites by hydrogen bonding
through the aromatic (�) system. The nitrogen atom imparts
a more basic character to the NPAHs, relative to the parent
PAHs, that allows for stronger interaction with the acidic
silanol sites[42,43]. This interaction is stronger than a
simple hydrogen bond, but not as strong as proton transfer
[43]. The amine group is less basic than the aza group,
as evidenced by the acid–base equilibrium constants of
aniline (pKa = 4.63) and pyridine (pKa = 5.25) [44]. Thus,
the change in molar enthalpy for 1-aminopyrene is expected
to be less than that for the azapyrenes, as observed in
Table 2. The molar enthalpy for 4-azapyrene is less than
that for 1-azapyrene because diffusion through the octadecyl
groups to the silanol sites is more facile along the short axis
than along the long axis of the molecule. It is also evident
that the change in molar enthalpy for benz[a]acridine is
0.5 kcal/mol less negative than that for the parent PAH,
benz[a]anthracene (�Hsm=−7.1 kcal/mol[28]). Given the
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Second, the phase ratio for the silanol sites may be very small
relative to the octadecyl groups because of the high bonding
density (5.4�mol/m2). According to Eq.(2), either a signif-
icant change in the entropy term or the phase ratio would
allow the retention factors for the NPAHs to remain smaller
than those of the parent PAHs, despite the greater changes in
molar enthalpy. As both of these contributions are contained
in the intercept of the Van’t Hoff plot, they are difficult to
distinguish by chromatographic methods alone.

4.1.1.3. Molar volume.A representative graph of the loga-
rithm of the retention factor versus pressure is shown inFig. 4.
Although the graph for each NPAH is linear, the square of the
correlation coefficient is highly variable (R2 = 0.594–0.998)
because of the small influence of pressure on retention. It
should be noted that the smallest correlation coefficients are
exhibited by the azapyrenes, which are affected the least by
changes in pressure. The slope of the graph is positive for
all solutes, which is indicative of a negative change in molar
volume. This suggests that the solute occupies less volume
in the stationary phase than in the mobile phase. The change
in molar volume is calculated from the slope of this graph,
according to Eq.(3).

As shown inTable 2, 1-aminopyrene, 1-azapyrene, and
4-azapyrene have values that are statistically indistinguish-
a
d are
s ting
a ana-
l
s
a -
v uted
t nary
p ene,
p AHs,
s into

F calcu-
l cm/s.
S xt.
osition of the nitrogen atom, diffusion must occur al
he long axis of the molecule in order to bind with
ilanol groups. This is much less favorable for the lin
tructure of benz[a]acridine than for the condensed struct
f the azapyrenes. Similar steric effects are expecte
ibenz[a,j]acridine, whose molar enthalpy is 6.9 kcal/m

ess negative than the structurally similar five-ring PA
icene[28].

Although there have been no published studies on the
odynamics of retention for NPAHs in reversed-phase li

hromatography, supporting evidence is provided from o
eparation techniques. Woodrow and Dorsey examine
artitioning of acridine in micellar electrokinetic chromat
aphy[45]. They report an enthalpy of transition between
lkyl group of the surfactant and water as−6.75 kcal/mo

or this solute. Matzner and Bales examined the reten
f acridine on silica in aqueous media[46,47]. They re-
ort an enthalpy of transition between silica and wate
8.05 kcal/mol. These results support our suggestion th
ore negative values of enthalpy for the four-ring NPA

elative to their parent PAHs are due to interactions with
ilica surface.

Finally, it is important to note that the retention f
ors for the NPAHs are smaller than those of the
nt PAHs, even though the changes in molar enthalp
ore negative. There are two potential reasons for this
omenon. First, there may be a significant entropic e

hat offsets the enthalpic contributions to retention. For
mple, Matzner and Bales report values for the entropy
T�Ssm) as−5.09 kcal/mol compared with the enthalpy te
f −8.05 kcal/mol for adsorption of acridine on silica[46,47].
ble and close to zero. In contrast, benz[a]acridine and
ibenz[a,j]acridine exhibit changes in molar volume that
tatistically nonzero, with the four-ring NPAH demonstra
less negative change in molar volume than the five-ring

ogue. The values for the azapyrenes and benz[a]acridine are
imilar to those for the parent PAHs, pyrene (−2.3 mL/mol)
nd benz[a]anthracene (−8.4 mL/mol) [28]. As noted pre
iously, these changes in molar volume may be attrib
o the depth that each PAH can penetrate into the statio
hase[27,28]. The more condensed PAHs, such as pyr
robe only the distal regions, whereas less condensed P
uch as benz[a]anthracene, can penetrate more deeply

ig. 4. Representative graph of the retention factor vs. pressure used to
ate the change in molar volume. Mobile phase: methanol, 283 K, 0.08
ymbols defined inFig. 3. Other experimental details as given in the te
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Table 3
Rate constants for NPAHs in methanol mobile phase

Solute kms (s−1)a ksm (s−1)a kms (s−1)b ksm (s−1)b

288 K 303 K 288 K 303 K 585 psi 3585 psi 585 psi 3585 psi

1-Aminopyrene 149 675 52 154 351 149 124 52
1-Azapyrene 0.7 4 0.7 2 0.8 0.7 0.7 0.7
4-Azapyrene 18 62 14 30 14 18 11 14
Benz[a]acridine 14 80 14 47 18 14 17 14
Dibenz[a,j]acridine 6 49 21 75 9 6 27 21

a Rate constants from stationary to mobile phase (kms) and from mobile to stationary phase (ksm) calculated atP= 3585 psi.
b Rate constants calculated atT= 288 K.

the ordered regions of the stationary phase. Consequently,
the change in molar volume becomes more negative the far-
ther the PAH penetrates into the stationary phase.

4.1.2. Kinetic behavior
Although the thermodynamic data demonstrate the steady-

state aspects of chromatographic behavior, they do not fully
explain the retention mechanism. Using the equations and
methods developed above, the pseudo-first-order rate con-
stants, activation energies, and activation volumes were cal-
culated. These values help to quantify the kinetic aspects of
mass transfer between the mobile and stationary phases as a
function of solute structure. These data provide information
about the retention mechanism that would not be available
from thermodynamic data alone.

4.1.2.1. Rate constants.Representative values of the rate
constants, calculated using Eqs.(4) and (5), are summa-
rized in Table 3. 1-Aminopyrene undergoes the fastest rate
of transfer, followed by 4-azapyrene, benz[a]acridine, and
dibenz[a,j]acridine. 1-Azapyrene has the slowest rate of
transfer, with rate constants that are one order-of-magnitude
less than 4-azapyrene and two orders-of-magnitude less than
1-aminopyrene. The rate-limiting step for 1-aminopyrene, 1-
a r
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As shown inTable 3, the rate constants for all solutes
increase significantly (240–720% forkms) with increasing
temperature. This behavior is a consequence of the increased
diffusion coefficients and the enhanced fluidity of the sta-
tionary phase. As more kinetic energy is imparted, the alkyl
chains become more labile and can more readily undergo ro-
tation of the carbon–carbon bonds from the trans to gauche
conformation. In fact, an order–disorder phase transition has
been reported previously for this stationary phase at approx-
imately 318 K[33]. The rate constants decrease significantly
(58% for kms) with increasing pressure for 1-aminopyrene,
but decrease only slightly or remain invariant for the other
solutes. This behavior is a consequence of the compression
of the alkyl chains, which impedes diffusion into and out of
the stationary phase.

4.1.2.2. Activation energy.A representative graph of the
logarithm of the rate constant versus the inverse tempera-
ture is shown inFig. 5. The data for the methanol mobile
phase are represented using solid lines. The graph for each
solute is linear (R2 = 0.968–0.995) and the slope is negative.
A negative slope is indicative of a positive energy barrier.
The activation energy is calculated from the slope of this
graph, according to Eqs.(6) and (7). As shown inTable 4,

F -
p hanol,
2 bols
d

zapyrene, 4-azapyrene, and benz[a]acridine is the transfe
rom mobile to stationary phase, since the retention fa
k=ksm/kms) is less than unity. In contrast, the rate-limit
tep for dibenz[a,j]acridine is the transfer from stationa
o mobile phase, since the retention factor is greater
nity.

The rate constants for the four-ring NPAHs are nota
maller than those for their parent PAHs on the same
ionary phase[28]. 1-Aminopyrene, 1-azapyrene, and
zapyrene have rate constants that are smaller by
9.8%, and 97%, respectively, than pyrene (kms= 2300 s−1

t 303 K). Similarly, the rate constant for benz[a]acridine is
1% smaller than that for benz[a]anthracene (kms= 850 s−1 at
03 K). In contrast, the rate constant for the five-ring NP
ibenz[a,j]acridine, is more comparable to that for the fi
ing PAH, picene[27]. These results suggest that 1-azapy
s most greatly affected, 4-azapyrene and benz[a]acridine are

oderately affected, and dibenz[a,j]acridine is relatively un
ffected by the slow kinetics of adsorption at silanol site
ig. 5. Representative graph of the rate constant (kms) vs. inverse tem
erature used to calculate the activation energy. Mobile phase: met
085 psi, 0.08 cm/s (—); acetonitrile, 2185 psi, 0.08 cm/s (– – –). Sym
efined inFig. 3. Other experimental details as given in the text.
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Table 4
Activation energies and activation volumes for NPAHs in methanol mobile phase

Solute �E‡s (kcal/mol)a �E‡m (kcal/mol)a �V‡s (mL/mol)b �V‡m (mL/mol)b

1-Aminopyrenec 21± 1 16± 1 97 ± 20 99± 18
1-Azapyrene 24± 2 18± 2 47 ± 48 47± 44
4-Azapyrene 19± 1 14± 1 5 ± 6 6 ± 7
Benz[a]acridine 21± 3 14± 3 58 ± 36 51± 36
Dibenz[a,j]acridine 25± 1 16± 1 49 ± 15 38± 16

a Activation energies from stationary phase to transition state (�E‡s) and from mobile phase to transition state (�E‡m) calculated atP= 2835 psi.
b Activation volumes from stationary phase to transition state (�V‡s) and from mobile phase to transition state (�V‡m) calculated atT= 288 K, except as

otherwise noted.
c Activation volumes calculated atT= 283 K.

the activation energies are positive for all solutes. The activa-
tion energy for the transfer from stationary phase to transition
state (�E‡s) is greater than that from mobile phase to transi-
tion state (�E‡m). These data indicate that it is easier for the
solutes to enter the stationary phase than to exit. The energy
barriers�E‡s and�E‡m seem to be similar for all solutes and,
indeed, there is no statistically significant difference. These
values are comparable to those reported previously for the
parent PAHs[28].

4.1.2.3. Activation volume.A representative graph of the
natural logarithm of the rate constant versus pressure is
shown inFig. 6. The activation volume is calculated from
the slope of this graph, according to Eqs.(8) and (9). As
shown in Table 4, 1-aminopyrene has the largest activa-
tion volume while the other solutes are somewhat smaller.
The values for the azapyrenes appear to be similar to
those for the parent PAH, pyrene (�V‡s = 47± 7 mL/mol,
�V‡m = 43± 7 mL/mol) [28]. However, the activation vol-
umes for many of the NPAHs are statistically indistinguish-
able from zero, given the small effect of pressure and the
correspondingly large standard deviation. Hence, no defini-
tive conclusions can be drawn about the volumetric barrier
for these solutes.

F to
c cm/s.
S xt.

4.2. Acetonitrile mobile phase

In the previous study, the NPAHs showed evidence of a
partition mechanism on the octadecylsilica stationary phase,
similar to the parent PAHs, with some additional contribu-
tions that are attributable to adsorption. The methanol mobile
phase used for this study is able to form hydrogen bonds with
the NPAHs and thereby inhibit their ability to adsorb at silanol
sites. At the same time, methanol can form hydrogen bonds
with the silanol sites to displace or compete with the NPAHs.
By these two mechanisms, the protic mobile phase can re-
duce interactions of the NPAHs with silanol sites. Therefore,
it is beneficial to examine the effect of an aprotic solvent
such as acetonitrile, which cannot undergo such hydrogen
bonding interactions, on the combined partition–adsorption
mechanism.

The effect of temperature on the thermodynamic and ki-
netic behavior of the NPAHs in the methanol mobile phase is
significant (Tables 1 and 3), so that a large temperature range
is also warranted in acetonitrile. A higher range of tempera-
tures (293–333 K) is selected because of the greater retention
and asymmetry of the zone profiles in acetonitrile (Fig. 2).
In contrast, the effect of pressure on the thermodynamic and
kinetic behavior is very small in the methanol mobile phase
(Tables 1 and 3). Hence, the study in acetonitrile is conducted
a
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ig. 6. Representative graph of the rate constant (kms) vs. pressure used
alculate the activation volume. Mobile phase: methanol, 283 K, 0.08
ymbols defined inFig. 3. Other experimental details as given in the te
t a single average pressure of 2185 psi.

.2.1. Thermodynamic behavior

.2.1.1. Retention factor.Representative values of the
ention factor for the NPAHs in acetonitrile mobile ph
re summarized inTable 5. As shown, 1-aminopyren

s eluted first, followed by 4-azapyrene, benz[a]acridine,
nd dibenz[a,j]acridine. 1-Azapyrene is the most stron

able 5
hermodynamic data for NPAHs in acetonitrile mobile phase

olute ka �Hsm (kcal/mol)a

303 K 313 K

-Aminopyrene 0.24 0.16 −6.3± 0.7
-Azapyrene 4.55 2.74 −9.5± 1.1
enz[a]acridine 4.48 4.15 −8.3± 2.1
ibenz[a,j]acridine 6.43 5.49 −6.1± 2.1
a Retention factor (k) and change in molar enthalpy (�Hsm) calculated a
= 2185 psi.
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retained solute and exhibited such severe asymmetry that it
was excluded from the quantitative thermodynamic and ki-
netic studies.

When compared to the methanol mobile phase (Table 1),
all solutes demonstrate an increase in retention factor in ace-
tonitrile. Given that acetonitrile is less polar than methanol,
the retention factor would be expected to decrease if the
partition mechanism were predominant. Thus, the observed
increase in retention factor suggests that the adsorption
mechanism is contributing more greatly to retention in ace-
tonitrile than in methanol. The increase is slight (4%) for
1-aminopyrene but very substantial (320–850%) for the aza-
PAHs, which is consistent with the relative basicity of amine
and aza groups, as discussed previously. In fact, the reten-
tion factors for the four-ring aza-PAHs are markedly larger
than those for the parent PAHs[27,28], which suggests that
the adsorption mechanism is predominant for these solutes
in acetonitrile.

4.2.1.2. Molar enthalpy.A representative graph of the loga-
rithm of the retention factor versus the inverse temperature is
shown inFig. 3. The data for the acetonitrile mobile phase are
represented using dashed lines. It is evident that the retention
data for 1-aminopyrene are nearly collinear in the acetoni-
trile and methanol mobile phases. This suggests that there is
n this
s s are
a itrile
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a d be
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b . The
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densed annelation structure. Rather, this order is consis-
tent with the hydrogen bonding strength and steric effects
at silanol groups, as discussed previously for the methanol
mobile phase. The changes in molar enthalpy for the four-
ring NPAHs are slightly more negative in acetonitrile than in
methanol. 1-Aminopyrene, 4-azapyrene, and benz[a]acridine
exhibit values that are 1.3, 3.7, and 1.7 kcal/mol more nega-
tive in acetonitrile than in methanol (Table 2). This change
in molar enthalpy is consistent with the greater role of ad-
sorption in the aprotic solvent, particularly for azapyrene.
In contrast, the value for dibenz[a,j]acridine is 2.8 kcal/mol
less negative in acetonitrile than in methanol. This suggests
that the partition mechanism is still relatively important for
this solute, such that the less polar mobile phase, acetonitrile,
competes more effectively than methanol with the nonpolar
stationary phase.

Although there are small and important differences, it is
noteworthy that the changes in molar enthalpy are very sim-
ilar in the acetonitrile and methanol mobile phases. Yet the
retention factors for the aza-PAHs differ by nearly an order of
magnitude in these mobile phases. FromFig. 3, it is evident
that the difference lies in the intercept of the Van’t Hoff plot.
Again, according to Eq.(2), there are two possible origins of
this difference. The entropy term may be substantially more
negative in methanol because of the solvent release from both
s term
i ept.
A ause
o trile.
I gen
b The
l rger
v to
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g

4
4 ate
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r
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m the
r the
a ever,
o significant difference in the retention mechanism for
olute. In contrast, the retention factors for the aza-PAH
pproximately an order-of-magnitude greater in aceton

han in methanol. Although the graph for each NPAH is
ar, the square of the correlation coefficient is highly vari
R2 = 0.724–0.986) because of the high degree of asymm
nd resulting uncertainty in the retention factor. It shoul
oted that the smallest correlation coefficients are exhi
y the aza-PAHs, which have the greatest asymmetry
lope of the graph is positive, which is indicative of a ne
ive change in molar enthalpy and suggests that the tra
rom mobile to stationary phase is enthalpically favora
he change in molar enthalpy is calculated from the slop
ig. 3, according to Eq.(2).

As shown inTable 5, the changes in molar enthalpy are
east negative for 1-aminopyrene and dibenz[a,j]acridine and
ecome progressively more negative for benz[a]acridine and
-azapyrene. This order does not show the trends exp

or the partition mechanism, i.e. more negative chang
olar enthalpy with increasing ring number and less

able 6
inetic data for NPAHs in acetonitrile mobile phase

olute kms (s−1)a ksm (

303 K 313 K 303

-Aminopyrene 3.47 3.67 8.2×
-Azapyrene 3.9× 10−3 1.3× 10−2 1.8×
enz[a]acridine 2.9× 10−3 3.0× 10−3 1.3×
ibenz[a,j]acridine 4.1× 10−3 2.9× 10−3 2.6×
a Rate constants from stationary to mobile phase (kms) and from mobile
b Activation energies from stationary phase to transition state (�E‡s) and
�E‡s (kcal/mol)b �E‡m (kcal/mol)b

313 K

5.9× 10−1 ∼0 ∼0
3.6× 10−2 23± 5 13± 3
1.3× 10−2 9± 3 ∼0
1.6× 10−2 2± 6 ∼0

onary phase (ksm) calculated atP= 2185 psi.
obile phase to transition state (�E‡m) calculated atP= 2185 psi.

olute and silanol sites upon binding. A smaller entropy
n acetonitrile would lead to a larger value for the interc
lternatively, a change in the phase ratio may arise bec
f the greater number of free silanol groups in acetoni

n methanol, many of the silanol groups may be hydro
onded and not available for binding with the solute.

arger phase ratio in acetonitrile would also lead to a la
alue for the intercept. As noted previously, it is difficult
iscern which of these origins is prevailing by chroma
raphic methods alone.

.2.2. Kinetic behavior

.2.2.1. Rate constants.Representative values of the r
onstants, calculated using Eqs.(4) and (5), are summa
ized in Table 6. 1-Aminopyrene undergoes much fas
ates of transfer than 4-azapyrene, benz[a]acridine, and
ibenz[a,j]acridine, which are two to three orders-
agnitude slower. As in the methanol mobile phase,

ate-limiting step for 1-aminopyrene is the transfer from
cetonitrile mobile phase to the stationary phase. How
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the aza-PAHs demonstrate the inverse trend, with the transfer
from stationary to mobile phase serving as the rate-limiting
step. When compared to the methanol mobile phase, the rate
constants in acetonitrile are two to four orders-of-magnitude
smaller. The differences in the rate constants result from the
increased ability of the NPAHs to interact with the silica sup-
port. As noted previously, the aprotic solvent acetonitrile does
not hydrogen bond to the solutes or to the silanol sites as
does the protic solvent methanol. Hence, the rate constants
from mobile to stationary phase and from stationary to mobile
phase are substantially slower.

4.2.2.2. Activation energy.A representative graph of the
logarithm of the rate constant versus the inverse temperature
is shown inFig. 5. The data for the acetonitrile mobile phase
are represented using dashed lines. It should be noted that the
data for 1-aminopyrene are not depicted in this graph. The
zone profiles for 1-aminopyrene are nearly Gaussian and, as
such, exhibit very small values of the asymmetric variance
(τ2). The small values ofτ2 result in calculated values for the
rate constants (Eqs.(4) and (5)) that are highly variable as a
function of temperature.

As shown inFig. 5, the graph for each NPAHs is linear and
the slope is negative. Unlike the graph for the methanol mo-
bile phase, acetonitrile shows correlation coefficients for the
l 2 .
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basicity of the amine and aza groups, but also indicate that
steric effects are important. The more condensed amino- and
azapyrenes can diffuse more easily to the silanol groups than
the more linear benz[a]acridine and dibenz[a,j]acridine. The
importance of adsorption is also reflected in the kinetic rate
constants, which are significantly smaller for the NPAHs than
for the parent PAHs.

The trends in thermodynamic behavior in the protic sol-
vent methanol become even more pronounced in the aprotic
solvent acetonitrile. Methanol is able to hydrogen bond with
the NPAH solutes as well as with the silanol groups, thereby
reducing their mutual interactions. Acetonitrile is not able to
shield interactions in this manner, hence the retention fac-
tors for the aza-PAHs are substantially greater than those
in methanol. Moreover, the retention factors for the four-
ring aza-PAHs are greater than those for the parent PAHs,
which suggests that the adsorption mechanism is predom-
inant for these solutes. The changes in molar enthalpy are
slightly more negative for these solutes, but not sufficient
to account for the large change in retention factor. Hence,
we suggest that a significant change in entropy or the phase
ratio is responsible for the thermodynamic behavior. The ki-
netic behavior also reflects the increased role of adsorption,
with rate constants that are two to four orders-of-magnitude
smaller than those in methanol. This thermodynamic and
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inear regression that vary significantly (R = 0.038–0.960)
s such, the reported values should be used only to draw
ral conclusions. The activation energy is calculated from
lope of this graph, according to Eqs.(6) and (7). As shown
n Table 6, the activation energies are positive for all of
PAHs. The activation energy for the transfer from stat
ry phase to transition state (�E‡s) is generally larger tha

hat from mobile phase to transition state (�E‡m). These dat
ndicate that it is easier for the solutes to enter the statio
hase than to exit. In spite of the large standard deviation
ctivation energy appears to be smallest for 1-aminopy
lightly greater for benz[a]acridine and dibenz[a,j]acridine,
nd greatest for 4-azapyrene.

. Conclusions

In this study, the thermodynamic and kinetic behavio
PAHs was examined in reversed-phase liquid chromat
hy. The parent PAHs are separated primarily by a part
echanism with the octadecyl groups, but some minor i
ction with the silanol groups can occur through the arom
�) system. In methanol mobile phase, the retention fa
or the NPAHs are less than those for the parent PAHs.
s consistent with the partition mechanism, where reten
ecreases as the polarity of the solute increases. In add

he trends of retention with ring number and annelation s
ure are consistent with the partition mechanism. Howe
he changes in molar enthalpy for the NPAHs indicate
dsorption at the silanol groups is more significant than

he parent PAHs. The observed changes reflect the re
inetic information provides a much clearer description
he retention mechanism of NPAHs in reversed-phase
id chromatography. However, further studies with aqu
obile phases and additives are desirable for more thor

haracterization.
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