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In this study, a series of polycyclic aromatic hydrocarbons (PAHs) and nitrogen-containing polycyclic
aromatic hydrocarbons (NPAHs) is separated on a hybrid stationary phase using methanol and acetonitrile
mobile phases. Temperature is varied from 283 to 313 K in order to determine thermodynamic and kinetic
parameters of the separation. Thermodynamic behavior is characterized by the retention factor and
associated changes in molar enthalpy, whereas kinetic behavior is characterized by the rate constants
and associated activation energies. In this study, the retention factors for the NPAHs are smaller than
hermodynamics
inetics
eversed-phase liquid chromatography
ybrid stationary phase
olycyclic aromatic hydrocarbons

those for the parent PAHs in methanol, while they are more similar to the parent PAHs in acetonitrile.
The changes in molar enthalpy are very similar for all solutes, yet are more negative in acetonitrile than in
methanol. The rate constants for the NPAHs are smaller than those for their parent PAHs in both mobile
phases. Moreover, the rate constants in acetonitrile are one to four orders of magnitude smaller than
those in methanol. Based on these thermodynamic and kinetic results, the hybrid stationary phase is
compared to traditional silica stationary phases. In addition, the relative contributions from the partition

ms ar
and adsorption mechanis

. Introduction

Silica-based supports remain the most widely used materials for
eversed-phase liquid chromatography (RPLC) separations. Many
mprovements have been made in recent years that address chro-

atographic problems related to the silica support. For example,
igh-purity silica has reduced peak tailing from metallic impurities
1,2], while trifunctional and sterically hindered monofunctional
ilanes influence interaction of solutes with the underlying support
3,4]. Similarly, phases incorporating a polar embedded group have
een used to shield the underlying support in an effort to reduce
eak tailing while modifying the selectivity of the separation [5–7].

The improvements made on silica supports have significantly
nfluenced the types of separations that can currently be performed.
evertheless, problems with silica-based materials continue to
xist at high and low pH, extreme temperature, and for basic
olutes that can interact with residual silanol groups in the

nderlying support. For this reason, a support material based
n a hybrid organic–inorganic particle has been developed and
idely used as an RPLC stationary phase. This bridged-ethylene
ybrid (BEH) particle is synthesized by the co-condensation of 1,2-
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bis(triethoxysilyl)ethane with tetraethoxysilane [8]. This support
particle has the mechanical strength of silica, combined with the
pH [8–10] and temperature [10] stability of polymeric particles. In
addition, the ethylene bridge in the backbone is thought to decrease
the number of silanols available to bind to basic solutes.

The hybrid phase has been employed in many studies under
a wide variety of experimental conditions. However, only a few
such studies have reported thermodynamic information about the
hybrid material [11,12], whereas no studies have reported kinetic
information. A thermodynamic evaluation of a C18 hybrid phase
was performed as a function of temperature (150 to 200 ◦C) in an
aqueous mobile phase using alkyl benzenes and aromatic alcohols
[11] and substituted anilines [12] as model solutes. Linear van’t Hoff
plots were obtained and negative changes in molar enthalpy were
reported. Further investigation of toluene at a wider temperature
range (30 to 200 ◦C) was performed. A change in slope of the van’t
Hoff plot near 97 ◦C was seen and was attributed to a change in the
conformation of the stationary phase in the presence of the mobile
phase [11]. Nevertheless, a direct comparison to silica-based mate-
rials was not performed and has not been reported in the literature.

Nitrogen-containing polycyclic aromatic hydrocarbons (NPAHs)
are an interesting group of basic compounds that have been thor-

oughly investigated on silica-based materials [13,14]. NPAHs have
been identified as carcinogens [15] and are commonly found in
tobacco smoke [16,17], automobile exhaust [18], fossil fuels [19,20],
and even lake sediment [21]. RPLC has proven useful for the sepa-
ration of complex NPAHs. Their dramatic peak shapes make them

dx.doi.org/10.1016/j.chroma.2010.08.015
http://www.sciencedirect.com/science/journal/00219673
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suitable set of solutes for examination of the thermodynamic and
inetic behavior of hybrid stationary phases.

In this research, a series of NPAHs and their parent polycyclic
romatic hydrocarbons (PAHs) are separated on a RPLC system
sing a C18 hybrid packing material. Thermodynamic and kinetic

nformation is examined as function of temperature. The effect of
obile phase is examined using methanol as a model of protic

olvents and acetonitrile as a model of aprotic solvents. Ther-
odynamic behavior is characterized by the retention factor and

ssociated changes in molar enthalpy, whereas kinetic behavior is
haracterized by the rate constants and associated activation ener-
ies. This evaluation provides insight into the retention mechanism
f PAHs and NPAHs on hybrid stationary phases in RPLC.

. Theory

The determination of thermodynamic and kinetic contributions
o retention requires a synthesis of traditional thermodynamic and
ransition state theories [22,23]. In this evaluation, the transfer
etween mobile and stationary phases is regarded as a chemical
eaction. These theories will be discussed in the following sections.

.1. Thermodynamics

The thermodynamic parameters describe the path-independent
easures of solute transfer from the mobile to stationary phase.

hese parameters are calculated from the retention factor (k)

= tr − t0

t0
(1)

here tr and t0 are the elution times of a retained and a non-
etained solute, respectively. The retention factor is related to the
hanges in molar enthalpy (�H) and molar entropy (�S) by the
an’t Hoff equation

n k = −�H

RT
+ �S

R
− ln ˇ (2)

here R is the gas constant, T is the absolute temperature, and � is
he phase ratio. The change in molar enthalpy is determined from
he slope of a graph of the natural logarithm of the retention factor
ersus the inverse temperature at constant pressure. The change in
olar entropy is contained in the intercept, but cannot be reliably

uantitated since the phase ratio is a function of both temperature
nd pressure.

.2. Kinetics

The kinetic parameters describe the path-dependent measures
f solute transfer from the mobile to stationary phase. During the
ransfer, the solute passes through a high-energy transition state
‡) that uniquely characterize the path-dependent aspects of the
etention mechanism. The method of calculating kinetic rate con-
tants is derived by extrapolation of Giddings work [24]. The mass
ransfer term (Cs) for slow kinetics is given by

s = 2k

(1 + k)2kms

(3)

hus, kms = 2ku

(1 + k)2Hcorr
and ksm = 2k2u

(1 + k)2Hcorr
(4)
here kms is the rate constant for transfer from stationary to mobile
hase, ksm is the rate constant for transfer from mobile to stationary
hase, and u is the linear velocity. The corrected plate height (Hcorr)
epresents slow mass transfer in the stationary phase (Cs), and is
ogr. A 1217 (2010) 6241–6249

calculated by

Hcorr = Csu = H − A − Bm

u
− Bs

u
− Cmu (5)

where A, Bm, Bs, and Cm are the classical contributions to zone
broadening arising from multiple paths, diffusion in the mobile
and stationary phases, and resistance to mass transfer in the mobile
phase, respectively [24]. The kinetic rate constants can be expressed
by means of the Arrhenius equation

ln ksm = ln A‡m − �E‡m
RT

(6)

ln kms = ln A‡s − �E‡s
RT

(7)

where A‡m and A‡s are the pre-exponential factors. The activation
energies (�E‡m and �E‡s) are determined from the slope of a graph
of the natural logarithm of the rate constants (ksm and kms) versus
inverse temperature at constant pressure.

3. Experimental methods

3.1. Reagents

As shown in Fig. 1, two polycyclic aromatic hydrocarbons
(PAHs) and six nitrogen-containing PAHs (NPAHs) are chosen to
study the effect of nitrogen position, ring number, and annela-
tion structure on the thermodynamics and kinetics of retention.
Pyrene, benz[a]anthracene, 1-aminopyrene (Sigma-Aldrich), 1-
azapyrene, 4-azapyrene, benz[a]acridine, dibenz[c,h]acridine, and
dibenz[a,j]acridine (Institute für PAH Forschung) are obtained as
solids and dissolved in high-purity methanol and acetonitrile (Bur-
dick and Jackson Division, Honeywell) to yield standard solutions
with concentrations between 10−3 M and 10−5 M. The concen-
tration of each solute is chosen to be well below the solubility
limit in both methanol and acetonitrile. A non-retained marker,
4-bromomethyl-7-methoxycoumarin (Sigma), is added to each
solution at a concentration of 10−3 M.

3.2. Instrumental system

The solutes are separated via a capillary liquid chromatogra-
phy system that has been described previously [22]. A fused-silica
capillary (200 �m i.d., 89 cm length, Polymicro Technologies) is
packed by the slurry method and terminated with a quartz wool
frit. Columns prepared in this manner have uniform packing across
the column diameter and along the column length [25]. The packing
material (XBridge C18, Waters Corporation) is prepared by reaction
of surface silanols on the bridged-ethylene hybrid support with
octadecyltrichlorosilane at a bonding density of 3.06 �mol/m2 [8].
Unreacted surface silanols are end-capped with trimethylchlorosi-
lane [8]. The resulting stationary phase is characterized by a 5.2 �m
particle size, 141 Å pore size, and 189 m2/g surface area.

The methanol and acetonitrile mobile phases are delivered via a
single-piston reciprocating pump (Model 114 M, Beckman Instru-
ments) that is operated in constant-pressure mode at 2000 psi. The
sample is introduced by a 1.0 �L injection valve (Model ECI4W1,
Valco Instruments), where the injection volume is split between the
capillary column and a fused-silica capillary (50 �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
post-column to serve as a restrictor. The injector, column, splitter,

and restrictor are enclosed within a cryogenic oven (Model 3300,
Varian Associates) that enables the temperature to be varied from
283 to 313 K (± 0.1 K).

Solute detection is achieved by on-column laser-induced flu-
orescence. A continuous-wave helium-cadmium laser (Model
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Fig. 1. Structure of the polycyclic aromatic hydrocarbons (PAHs

074-20 M, Melles Griot), with approximately 34 mW power at
25 nm, is used as the excitation source. The laser is focused onto
V-grade optical fibers (100 �m, Polymicro Technologies) and is

ransmitted to two locations along the column (39.2 and 74.7 cm),
here the polyimide coating of the capillary has been removed.

he fluorescence power at each location is collected orthogonally
y large diameter optical fibers (500 �m, Polymicro Technologies),

solated by a 420-nm interference filter (S10-410-F, Corion), and
ransmitted to a photomultiplier tube (Model R760, Hamamatsu).
he resulting photocurrent is amplified, converted to the digital
omain (PCI-MIO-16XE-50, National Instruments), and stored by a
ser-defined program (Labview v5.1, National Instruments).

.3. Data analysis

To extract thermodynamic and kinetic information, statistical
oments are used because they make no assumptions about the

hape of the solute zone profiles or the mechanism of retention.
he individual zone profiles are extracted from the chromatogram
nd are fit by using nonlinear regression (Tablecurve v4.14, SYSTAT
oftware, Inc.), so that the statistical moments can be determined
ithout contributions from noise. A combination of Gaussian and

symmetric double sigmoidal [26] equations produces excellent fit,
ith random residuals and correlation coefficients ranging from

.999 to 0.956. The zone profile is then regenerated in a spread-
heet program (Excel v2003, Microsoft Corp.). In this work, the peak
oundaries are identified at 0.1% of the maximum peak height, as
he error in the calculation of the statistical moments is small at this
ntegration limit [27]. Statistical moments are calculated based on
he regenerated profile by

∫
C(t) t dt
1 = ∫
C(t)dt

(8)

2 =
∫

C(t)(t − M1)2dt
∫

C(t)dt
(9)
itrogen-containing polycyclic aromatic hydrocarbons (NPAHs).

M3 =
∫

C(t)(t − M1)3dt
∫

C(t)dt
(10)

where C(t) is the solute concentration as a function of time, and M1,
M2, and M3 are the mean retention time, variance, and asymmetry,
respectively. Detection at two points along the chromatographic
column allows the retention factor (k) and plate height (H) to be cal-
culated by difference. Thus, they are calculated from the moments
as

k = (�M1 − �t0)
�t0

(11)

H = �M2�L

(�M1)2
(12)

where �t0 is the difference in the elution time of a non-retained
species, �M1 is the difference in the first moment, �M2 is the dif-
ference in the second moment, and �L is the distance between
two on-column detectors. The difference method eliminates extra-
column contributions, both symmetric and asymmetric, and has
been thoroughly evaluated by Hupp and McGuffin [28]. The cor-
rected plate height is then calculated using Equation 5 [28], where
the sum of the A, Bm, Bs, and Cm terms is equal to 0.001 cm for
pyrene and benz[a]anthracene. It is noteworthy that this value is
approximately two times the particle diameter (5 �m).

In addition, the statistical moments can be used to calculate the
skew (S) as

S = M3
3/2

(13)

M2

The skew describes the asymmetry, where a positive value indi-
cates a tailing peak and a negative value indicates a fronting peak.
A larger value for the skew indicates a more asymmetric peak.
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4.1.1.2. Molar enthalpy. A representative semi-logarithmic graph
of the retention factor versus inverse temperature (van’t Hoff plot)
is shown in Fig. 3. The graph for each solute in Fig. 3A is linear
(R2 = 0.973–0.997) and the slope is positive. A linear graph indicates

Table 1
Retention factor (k) and change in molar enthalpy (�H) for PAH and NPAH
solutes in methanol at 2000 psi. Values in parentheses have large errors and
are given for illustrative purposes only. See text for more detail. Solutes:
pyrene (P), 1-aminopyrene (1AmP), 1-azapyrene (1AzaP), 4-azapyrene (4AzaP),
benz[a]anthracene (B[a]A), benz[a]acridine (B[a]Ac), dibenz[a,j]acridine (D[aj]Ac),
dibenz[c,h]acridine (D[ch]Ac).

Solute k �H (kcal/mol)

288 K 313 K

P 0.78 0.55 -2.5 ± 0.1
1AmP 0.15 0.13 -1.4 ± 0.1
1AzaP 0.62 0.82 (3.1 ± 1.4)
244 A.M. Hupp, V.L. McGuffin / J. Ch

. Results and discussion

The mobile phase has been shown to influence strongly the
eparation of PAHs and NPAHs on silica-based stationary phases
13]. For this reason, a similar study is warranted for the bridged-
thylene hybrid stationary phases. In this study, both protic
methanol) and aprotic (acetonitrile) solvents are evaluated. Many
tudies have investigated the properties of these organic solvents
29,30], and selected parameters for polarity, acidity, and basic-
ty are summarized in the Supplementary Information. Overall,

ethanol is more polar than acetonitrile, however the contri-
utions to this polarity differ significantly. Methanol has greater
ydrogen bonding interactions, while acetonitrile has greater
olarizability and dipole moment. Among the hydrogen bonding

nteractions (both Bronsted and Lewis types), methanol is stronger
s a base and substantially stronger as an acid than acetonitrile.
ven more important, however, is how these solvent properties
nfluence the acid/base character of other species. For example, the
issociation constants of weak acids (Ka) are typically 10–15 orders
f magnitude stronger in methanol than in acetonitrile. The dis-
ociation constants of weak bases (Kb) are typically 9–11 orders
f magnitude stronger in methanol than in acetonitrile. Thus, the
ethanol mobile phase can form hydrogen bonds with the NPAH

olutes, inhibiting their ability to adsorb at silanol sites. Methanol
an also form hydrogen bonds with residual silanol sites in the
ybrid support, displacing or competing with the NPAHs. In these
ays, methanol reduces the interactions of the NPAHs with silanol

ites. However, acetonitrile cannot undergo hydrogen bonding
ith NPAHs and silanol groups to the same extent and, there-

ore, cannot inhibit their interaction. Consequently, a comparison
f retention behavior in these solvents is of interest on the bridged-
thylene hybrid stationary phases. Pure methanol and acetonitrile
ave been used as mobile phases, rather than aqueous–organic
ixtures, because the solvent properties of water tend to predomi-

ate even at low concentrations (see Supplementary Information).
n addition, this assures that the solvent composition is uniform in
he bulk mobile phase, at the stationary phase interface, and in the
ores, thereby avoiding the formation of “microphases” [31,32].

.1. Methanol mobile phase

A representative series of chromatograms in shown in Fig. 2.
n methanol, a neutral solute, such as pyrene (Fig. 2A), has a sym-

etric peak shape (S = 0.36, Equation 13). However, a basic solute,
uch as 4-azapyrene (Fig. 2B), has a tailing peak shape (S = 2.47).
he peak shape for pyrene is representative of benz[a]anthracene,
-aminopyrene, and dibenz[c,h]acridine. The peak shape for 4-
zapyrene is representative of the remaining NPAHs.

.1.1. Thermodynamic behavior

.1.1.1. Retention factor. Retention factors for the PAHs and NPAHs
re summarized in Table 1. For the most part, retention fac-
ors for the NPAHs are notably smaller than those for the parent
AHs. The retention factors for 1-aminopyrene and 4-azapyrene
re smaller by 76% and 20% than pyrene, respectively. In addi-
ion, the retention factor for benz[a]acridine is smaller by 45% than
enz[a]anthracene. This decreased retention behavior is due to the

ncreased polarity of the NPAHs relative to the PAHs and is consis-
ent with a partition mechanism. This behavior was also observed
ith stationary phases built on silica supports [13]. In addition,

etention increases with the number of aromatic rings and with less

ondensed annelation structure. These trends are consistent with a
artition mechanism and were also observed with phases built on
ilica supports [13]. The predominance of the partition mechanism
or nonpolar solutes on alkylsilica phases has been demonstrated
reviously by Ranatunga and Carr [32].
Fig. 2. Representative chromatograms of (A) pyrene and (B) 4-azapyrene in
methanol and acetonitrile mobile phases at 303 K.

The effect of temperature is demonstrated in Table 1. Retention
factors decrease significantly (13–45%) with increasing temper-
ature, with the exception of the azapyrenes. 1-Azapyrene and
4-azapyrene fluctuate, yet increase (32%) or remain relatively con-
stant with temperature, respectively. A decrease in retention factor
with temperature is expected under a partition-dominated mech-
anism.
4AzaP 0.45 0.44 (1.6 ± 1.1)
B[a]A 0.92 0.62 -3.0 ± 0.1
B[a]Ac 0.43 0.34 -1.6 ± 0.1
D[aj]Ac 0.92 0.51 -4.0 ± 0.3
D[ch]Ac 1.80 1.02 -4.3 ± 0.2
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Table 2
Rate constants for transfer from mobile to stationary phase (ksm) and from stationary
to mobile phase (kms) for PAH and NPAH solutes in methanol at 2000 psi. Solutes
defined in Table 1.

Solute ksm (s-1) kms (s-1)

288 K 313 K 288 K 313 K

P 0.53 120 0.69 220
1AmP 4.1 –a 27 –
1AzaP 0.003 0.003 0.005 0.003
4AzaP 0.006 0.006 0.009 0.01
B[a]A 460 – 500 –
B[a]Ac 0.02 0.03 0.03 0.09
ig. 3. Representative semi-logarithmic graph of the retention factor versus
nverse temperature for methanol mobile phase (Equation 2). (A): pyrene (©), 1-
minopyrene (�), benz[a]anthracene (�), benz[a]acridine (�), dibenz[a,j]acridine
�), dibenz[c,h]acridine (♦). (B): 1-azapyrene (�), 4-azapyrene (�).

hat the change in molar enthalpy is constant over the temperature
ange of the study (283–313 K), which suggests that there is no sig-
ificant change in retention mechanism in this region. A positive
lope indicates a negative change in molar enthalpy, suggesting
he transfer from mobile to stationary phase is an enthalpically
avorable process. The graph of 1-azapyrene and 4-azapyrene in
ig. 3B is roughly linear (R2 = 0.554 and 0.346), however the slope
s negative. A negative slope indicates a positive change in molar
nthalpy, suggesting the transfer from mobile to stationary phase
s not enthalpically favorable.

The change in molar enthalpy is calculated for each solute from
he slope of this graph, according to Equation 2, and is summa-
ized in Table 1. The changes in molar enthalpy are least negative
least favorable) for 1-aminopyrene and benz[a]acridine, followed
y pyrene and benz[a]anthracene, and most negative (most favor-
ble) for dibenz[a,j]acridine and dibenz[c,h]acridine. These trends
ndicate that the change in molar enthalpy becomes more negative

ith increasing ring number and with less condensed annelation
tructure for both neutral PAHs and basic NPAHs. These trends
ere also observed on silica-based stationary phases and have

een discussed in detail previously [13,33]. The change in molar
nthalpy may be attributed to the depth to which each PAH can
enetrate into the stationary phase. The proximal regions, where

he alkyl group is bound to the silica surface, are highly ordered
ith all trans carbon–carbon bonds. As the distance from the sur-

ace increases, there are more gauche bonds and greater disorder
34–36]. The more condensed PAHs, such as pyrene, probe only
he distal regions of the alkyl chain, while less condensed PAHs,
D[aj]Ac 0.04 0.49 0.03 0.96
D[ch]Ac 15 180 8.1 500

a Values not accurately determined, see discussion in text.

such as benz[a]anthracene, penetrate more deeply into the ordered
regions of the alkyl chain. Therefore, the change in molar enthalpy
becomes more negative as the PAH can access the inner regions of
the stationary phase.

The change in molar enthalpy is positive for 1-azapyrene and
4-azapyrene, corresponding to the negative slope in the van’t Hoff
plot. However, the slopes of these lines are associated with large
errors. Despite the uncertainty in the measurement, some discus-
sion of this interesting behavior is warranted. At high temperature,
the alkyl chains of the stationary phase become more fluid-like and
flexible, making the surface of the underlying particle more acces-
sible. It is possible that at the higher temperatures used in this
study, 1- and 4-azapyrene are able to access the underlying particle
more easily. In this case, these solutes may be able to adsorb more
strongly at the residual silanol sites. Thus, the retention mechanism
for these solutes may change over the temperature range investi-
gated. The change in molar enthalpy is not meaningful when two
separate processes, in this case partition and adsorption mecha-
nisms, are occurring. It is noteworthy that the other 4-ring NPAH,
benz[a]acridine, does not display the same behavior. Because of
the condensed annelation structure and the position of the nitro-
gen atom (see Fig. 1), 1-azapyrene has the smallest cross-section
(∼2 fused aromatic rings) that must be transported toward the
particle surface in the adsorption mechanism. 4-Azapyrene is only
slightly larger (∼2.5 fused rings), whereas benz[a]acridine is sig-
nificantly larger (∼3.5 fused rings). For this reason, benz[a]acridine
and the larger NPAHs are still retained predominantly by the parti-
tion mechanism and do not display the anomalous thermodynamic
behavior observed for the azapyrenes.

4.1.2. Kinetic behavior
Thermodynamics provides information about steady-state

behavior for the change between mobile and stationary phases,
however it does not fully explain the retention mechanism. The
pseudo-first order rate constants and activation energies (Equa-
tions 4, 6, and 7) help to quantify the kinetic aspects of mass
transfer between the mobile and stationary phases as a function
of solute structure. These data provide more detailed and specific
information about the retention mechanism that is not available
from thermodynamic data alone.

4.1.2.1. Rate constants. Rate constants for the PAHs and NPAHs
are summarized in Table 2. In methanol, benz[a]anthracene, 1-
aminopyrene, and dibenz[c,h]acridine undergo the fastest rate
of mass transfer, followed by pyrene, benz[a]acridine, and

dibenz[a,j]acridine, with 1-azapyrene and 4-azapyrene having
the slowest rate of transfer. The values for 1-azapyrene and 4-
azapyrene are given only as an indication of their slow rate
of transfer; the kinetic rate constants are not reliable based
on the uncertainty in the experimental measurements for those
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Fig. 4. Representative semi-logarithmic graph of the rate constant ver-
sus inverse temperature for methanol mobile phase (Equation 6). Pyrene
(©), benz[a]anthracene (�), benz[a]acridine (�), dibenz[a,j]acridine (�),
dibenz[c,h]acridine (♦).

Table 3
Activation energies from mobile phase to transition state (�E‡m) and from stationary
phase to transition state (�E‡s) for PAH and NPAH solutes in methanol at 2000 psi.
Solutes defined in Table 1.

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

P 37 ± 4 39 ± 4

shape for 4-azapyrene is representative of the remaining NPAHs.

4.2.1. Thermodynamic behavior
4.2.1.1. Retention factor. Retention factors for the PAHs and NPAHs
are summarized in Table 4. When compared to the methanol mobile

Table 4
Retention factor (k) and change in molar enthalpy (�H) for PAH and NPAH solutes
in acetonitrile at 2000 psi. Solutes defined in Table 1.

Solute k �H (kcal/mol)

288 K 313 K

P 0.82 0.52 -3.5 ± 0.2
1AmP 0.23 0.16 -2.7 ± 0.1
1AzaP 1.33 0.58 (-6.8 ± 3.1)
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olutes, as discussed in Section 4.1.1. The rate-limiting step for
ibenz[c,h]acridine is the transfer from stationary to mobile phase,
ince the retention factor (k = ksm/kms) is greater than unity. In con-
rast, the rate-limiting step for all other solutes is the transfer from

obile to stationary phase, since the retention factor is less than
nity.

The rate constants for the four-ring NPAHs are notably smaller
han those for their parent PAHs, with the exception of 1-
minopyrene. 1-Azapyrene and 4-azapyrene have rate constants
hat are two orders of magnitude smaller than pyrene. The rate
onstant for benz[a]acridine is one order of magnitude larger than
hat for the azapyrenes, but many orders of magnitude smaller than
hat for benz[a]anthracene. In these cases, the nitrogen in the aza-
yrenes and benz[a]acridine can adsorb to silanol groups, causing
decrease in the rate constant compared to the parent PAHs. This

rend was observed in the thermodynamic data (Section 4.1.1.2,
able 1) for the azapyrenes, but not for benz[a]acridine. However,
t is important to note that thermodynamics reflects only differ-
nces in the initial and final states (i.e., desorbed and sorbed). A
mall contribution from adsorption in a predominantly partition
echanism may not cause an observable difference in the molar

nthalpy or entropy. In contrast, the kinetic data provide a more
ensitive indication of the retention mechanism, especially if the
ontributing states have significantly different rate constants, as is
he case here for adsorption and partition.

The effect of temperature is demonstrated in Table 2. The rate
onstants for most solutes increase significantly, while the rate con-
tants for 1-azapyrene and 4-azapyrene decrease with increasing
emperature. Rate constants are not provided for 1-aminopyrene
nd benz[a]anthracene at the highest temperature due to over-
orrection of the plate height for these narrow peaks. According
o Equation 5, if the sum of the theoretical A, B, and C terms
s larger than the observed plate height, an overcorrection will
ccur that causes Hcorr to be negative and the rate constants to
e indeterminate. This is common for very narrow peaks, where
he theoretical correction terms overestimate the width of the
xperimental zone profile [28]. The increase in rate constants
ith temperature observed for most solutes is expected, owing to

ncreased diffusion coefficients and enhanced fluidity of the sta-
ionary phase. With increased temperature, the increase in kinetic
nergy allows the alkyl chains to become more labile, which in turn
llows the solutes to diffuse in and out of the stationary phase more
reely.

.1.2.2. Activation energy. A representative semi-logarithmic
raph of the rate constant versus the inverse temperature
Arrhenius plot) is shown in Fig. 4. This graph does not contain
nformation for 1-azapyrene and 4-azapyrene, due to uncertainty
n the rate constant measurements (Section 4.1.2.1), or for 1-
minopyrene, due to its narrow peak shape and the overcorrection
iscussed previously (Section 4.1.2.1). Of those shown, the graph
or each solute is roughly linear (R2 = 0.442–0.980) and the slope is
egative. A negative slope is indicative of a positive energy barrier

or mass transfer.
The activation energy is calculated from the slope of this graph,

ccording to Equations 6 and 7, and is summarized in Table 3.
he activation energies are positive for all solutes listed. The acti-
ation energy from stationary phase to transition state (�E‡s) is
reater than that from mobile phase to transition state (�E‡m).
hese results indicate that it is easier for the solutes to enter the sta-
ionary phase than to exit. With the exception of benz[a]acridine,

ll solutes seem to have a similar activation energy, which suggests
hey encounter a similar barrier at the interface between mobile
nd stationary phases. If the activation energies are comparable
o one another, then the difference in rate constant must arise
rom the pre-exponential term, according to Equations 6 and 7.
B[a]A 30 ± 11 33 ± 10
B[a]Ac 2 ± 3 6 ± 3
D[aj]Ac 17 ± 3 21 ± 4
D[ch]Ac 25 ± 5 29 ± 4

According to transition-state theory, the pre-exponential term is a
measure of the activation entropy (�S‡m and �S‡s) for the transfer
between phases. Interestingly, the activation energies for solutes
on this hybrid phase are similar to those reported on silica-based
phases [13,33].

4.2. Acetonitrile mobile phase

A representative series of chromatograms is shown in Fig. 2. In
acetonitrile, a neutral solute, such as pyrene (Fig. 2A), has a tail-
ing peak shape (S = 2.68, Equation 13). However, a basic solute,
such as 4-azapyrene (Fig. 2B), has a much more pronounced tailing
peak shape (S = 19.0). The peak shapes for benz[a]anthracene and
1-aminopyrene remain symmetric (S = 0.0) in acetonitrile. The peak
shape for pyrene is representative of dibenz[c,h]acridine. The peak
4AzaP 0.93 0.47 -4.4 ± 0.5
B[a]A 0.78 0.47 -3.7 ± 0.1
B[a]Ac 0.71 0.33 -5.9 ± 0.4
D[aj]Ac 1.56 0.76 -6.0 ± 0.5
D[ch]Ac 1.64 0.91 -4.4 ± 0.2
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Fig. 5. Representative semi-logarithmic graph of the retention factor versus inverse
temperature for acetonitrile mobile phase (Equation 2). (A): pyrene (©), 1-
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acetonitrile are one to four orders of magnitude smaller than those
in methanol (Table 2). The differences in the rate constants result
from the increased ability of the NPAHs to interact with residual
silanols on the hybrid support. The aprotic solvent, acetonitrile,
minopyrene (�), benz[a]anthracene (�), benz[a]acridine (�), dibenz[a,j]acridine
�), dibenz[c,h]acridine (♦). (B): 1-azapyrene (�), 4-azapyrene (�).

hase (Table 1), almost all solutes demonstrate an increase in reten-
ion factor in acetonitrile. The increase is moderate for pyrene (5%),
ut is more substantial for the other solutes (50–69%). In con-
rast, benz[a]anthracene and dibenz[c,h]acridine show a decrease
n retention in acetonitrile. Since acetonitrile is less polar than

ethanol, the retention factor would be expected to decrease if the
artition mechanism were dominant. Thus, the observed increase

n retention factor for many solutes suggests that the adsorption
echanism is contributing more greatly in acetonitrile than in
ethanol. In addition, retention factors for the NPAHs are very sim-

lar to or larger than those for the parent PAHs, which also indicates
hat the adsorption mechanism may be dominant for these solutes
n acetonitrile.

The effect of temperature is demonstrated in Table 4. Retention
actors decrease significantly with increasing temperature. In fact,
or the same change in temperature, the decrease is more signifi-
ant in acetonitrile than in methanol (Table 1).

.2.1.2. Molar enthalpy. A representative semi-logarithmic graph
f the retention factor versus inverse temperature (van’t Hoff plot)
s shown in Fig. 5. The graph for each solute in Fig. 5A is linear
R2 = 0.978–0.999) and the slope is positive. The positive slope indi-

ates a negative change in molar enthalpy, suggesting the transfer
rom mobile to stationary phase is an enthalpically favorable pro-
ess for these solutes. The graph of 1-azapyrene and 4-azapyrene
n Fig. 5B is roughly linear (R2 = 0.573 and 0.929), however due
o the uncertainty in the measurement, the thermodynamic and
ogr. A 1217 (2010) 6241–6249 6247

kinetic information for these solutes is unreliable and is given for
illustrative purposes only.

The change in molar enthalpy is summarized for all solutes in
Table 4. The change in molar enthalpy is least negative (least favor-
able) for 1-aminopyrene, followed by pyrene, benz[a]anthracene,
and dibenz[c,h]acridine. The change in molar enthalpy is most neg-
ative (most favorable) for benz[a]acridine and dibenz[a,j]acridine.
These trends indicate that the change in molar enthalpy does not
consistently become more negative with increasing ring num-
ber and with less condensed annelation structure, as would be
expected for a partition mechanism. The changes in molar enthalpy
are more negative in acetonitrile (Table 4) than in methanol
(Table 1) for most solutes by 1.0–4.3 kcal/mol. This change in molar
enthalpy is consistent with an adsorption mechanism for most
solutes [13]. However, the change in molar enthalpy is more com-
parable in acetonitrile and methanol for benz[a]anthracene and
dibenz[c,h]acridine (0.1–0.7 kcal/mol). This suggests that the par-
tition mechanism is still important for these solutes, such that
the less polar mobile phase, acetonitrile, competes more effec-
tively than methanol with the nonpolar stationary phase. These
solutes are suspected to have less basic character, due to lack
of nitrogen (benz[a]anthracene) and sterically-hindered nitrogen
(dibenz[c,h]acridine), and hence, have less adsorption at residual
silanol sites.

The differences in molar enthalpy in acetonitrile (Table 4) and
methanol (Table 1) are a direct indication of the differences in
retention factor. That is, the slopes of the van’t Hoff plots in the
two solvents are not comparable to one another. In contrast, the
intercepts of the van’t Hoff plots in acetonitrile and methanol are
quite similar. According to the van’t Hoff equation (Equation 2),
the similarity in intercepts suggests that the molar entropy does
not change significantly with solvent.2 This behavior is unlike that
observed previously on silica-based materials, where the molar
entropy contributed significantly more than the molar enthalpy
to the difference in retention factor [13,33]. It is noteworthy, how-
ever, that not all solutes behave in this way on the hybrid stationary
phases. For example, benz[a]acridine has retention factors of 0.33
and 0.34 in acetonitrile and methanol, respectively, yet the change
in molar enthalpy is significantly more negative in acetonitrile (-5.9
kcal/mol) than in methanol (-1.6 kcal/mol). To allow for such sim-
ilar values of the retention factor, either the molar entropy or the
phase ratio must change significantly according to the van’t Hoff
equation.

4.2.2. Kinetic behavior
4.2.2.1. Rate constants. Rate constants for the PAHs and NPAHs
are summarized in Table 5. In acetonitrile, benz[a]anthracene
and 1-aminopyrene undergo the fastest rate of transfer, fol-
lowed by pyrene, benz[a]acridine, dibenz[a,j]acridine, and
dibenz[c,h]acridine, which are three orders of magnitude slower.
1-Azapyrene and 4-azapyrene have the slowest rate of transfer,
an order of magnitude slower than the majority of the solutes.
1-Azapyrene and 4-azapyrene are given only as an indication of
their slow rate of transfer. As stated previously in Section 4.1.2.1,
the kinetic values are not reliable based on the uncertainty in the
experimental measurement for those solutes. The rate constants in
2 Alternatively, it may suggest that any change in the molar entropy is compen-
sated by an equal but opposite change in the phase ratio. Because any changes in the
phase ratio should be similar for hybrid and silica-based materials, this alternative
explanation is less plausible.
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Table 5
Rate constants for transfer from mobile to stationary phase (ksm) and from stationary
to mobile phase (kms) for PAH and NPAH solutes in acetonitrile at 2000 psi. Solutes
defined in Table 1.

Solute ksm (s-1) kms (s-1)
288 K 313 K 288 K 313 K

P 0.02 0.08 0.03 0.16
1AmP 0.24 –a 1.1 –
1AzaP 0.002 0.003 0.002 0.005
4AzaP 0.003 0.002 0.003 0.002
B[a]A 6.2 2.1 8.4 4.7
B[a]Ac 0.02 0.003 0.03 0.02
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Table 6
Activation energies from mobile phase to transition state (�E‡m) and from stationary
phase to transition state (�E‡s) for PAH and NPAH solutes in acetonitrile at 2000 psi.
Solutes defined in Table 1.

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

P 9 ± 2 12 ± 2
B[a]A (-17 ± 10) (-14 ± 10)
D[aj]Ac 0.01 0.02 0.01 0.02
D[ch]Ac 0.05 0.04 0.03 0.05

a Values not accurately determined, see discussion in text.

oes not undergo hydrogen bonding interactions with the silanol
ites or solutes, as does the protic solvent, methanol. Therefore, the
ate of mass transfer between the mobile and stationary phases is
ubstantially slower.

The effect of temperature is demonstrated in Table 5. The rate
onstants for most solutes increase significantly, while the rate
onstants for 4-azapyrene, benz[a]anthracene, and benz[a]acridine
ecrease with increasing temperature. An increase in rate constant
ith temperature is expected, owing to increased diffusion coeffi-

ients and enhanced fluidity of the stationary phase.

.2.2.2. Activation energy. A representative semi-logarithmic
raph of the rate constant versus inverse temperature (Arrhenius
lot) is shown in Fig. 6. The graph does not contain information
or 1-azapyrene and 4-azapyrene, due to uncertainty in the rate
onstant measurements (Section 4.2.2.1), or for 1-aminopyrene,
ue to its narrow peak shape and the overcorrection discussed
reviously (Section 4.1.2.1). Of those shown, the graph for most
olutes is roughly linear (R2 = 0.525–0.970) and the slope is nega-
ive. A negative slope is indicative of a positive energy barrier for

ass transfer. The rate constants for benz[a]anthracene fluctuate
ith temperature and, therefore, the slope is not linear.

The activation energy is calculated from the slope of this graph,
ccording to Equations 6 and 7, and is summarized in Table 6. The
ctivation energies are positive for pyrene and dibenz[a,j]acridine.

he activation energy is negative for the other solutes, however,
ue to uncertainty in the measurements these values are not likely
o be meaningful. For pyrene and dibenz[a,j]acridine, the activation
nergy from stationary phase to transition state (�E‡s) is greater

ig. 6. Representative semi-logarithmic graph of the rate constant versus
nverse temperature for acetonitrile mobile phase (Equation 6). Pyrene
©), benz[a]anthracene (�), benz[a]acridine (�), dibenz[a,j]acridine (�),
ibenz[c,h]acridine (♦).
B[a]Ac (-11 ± 2) (-2 ± 1)
D[aj]Ac 4 ± 1 10 ± 1
D[ch]Ac (-0.9 ± 2) 3 ± 2

that that from mobile phase to transition state (�E‡m). These data
indicate that it is easier for the solutes to enter the stationary phase
than to exit. This behavior is similar to that seen in methanol.

5. Conclusions

In this study, the thermodynamic and kinetic behavior of NPAHs
is examined in reversed-phase liquid chromatography using a
bridged-ethylene hybrid stationary phase. The parent PAHs are sep-
arated primarily by the partition mechanism with the octadecyl
groups, but some minor interaction with the residual silanol groups
can occur through the �-basic aromatic system. In methanol mobile
phase, the retention factors for the NPAHs are less than those for
the parent PAHs. This is consistent with a partition mechanism,
where retention decreases as the polarity of the solute increases. In
addition, the trends of retention with ring number and annelation
structure are consistent with the partition mechanism. However,
the kinetic rate constants indicate that adsorption at silanol sites
may play a role, as they are significantly smaller for the NPAHs than
for the parent PAHs.

The different thermodynamic and kinetic behavior in the pres-
ence of the aprotic solvent acetonitrile provides an interesting
and contrasting view of the retention process. Methanol is able
to hydrogen bond with both the NPAH solutes and the resid-
ual silanols, which causes a reduction in the number of available
silanols. Acetonitrile cannot hydrogen bond in this way to shield
interactions of the solute with the underlying particle. Thus, the
retention factors for the NPAHs are larger than those in methanol.
Moreover, the retention factors for the NPAHs are similar to or
larger than those for the PAHs, suggesting that the adsorption
mechanism is likely to be dominant for the NPAH solutes. The
changes in molar enthalpy are slightly more negative and are suf-
ficient to account for the small changes in retention factor. In
contrast, there does not seem to be a significant difference in the
molar entropy in acetonitrile compared to methanol. The kinetic
behavior also reflects the increased role of adsorption for the
NPAHs, as the rate constants in acetonitrile are one to four orders
of magnitude smaller than those in methanol.

The thermodynamic and kinetic behavior of the solutes on this
bridged-ethylene hybrid phase is similar in nature to that on silica-
based supports [13]. For the same set of solutes, the retention
factors in both mobile phases are smaller on the hybrid phase than
on the silica phases. The corresponding change in molar enthalpy
for each solute is less negative on the hybrid phase than on the silica
phases. However, it is noteworthy that the bonding density of the
hybrid phase is more similar to that of the monomeric silica phase
than the polymeric silica phase used in previous studies [22,37].
When this monomeric silica phase is considered, the changes in
molar enthalpy are more consistent.

For the same set of solutes, the rate constants in methanol are

smaller, while those in acetonitrile are comparable on the hybrid
phase and on the silica phases. The corresponding activation ener-
gies in methanol are smaller, while those in acetonitrile are slightly
larger for all solutes on the hybrid phase than on the silica phases.
Thus, solute transfer on the hybrid phase is kinetically slower in
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ure methanol, yet is more comparable in acetonitrile, when com-
ared to the silica phases.

This thermodynamic and kinetic information provides a clear
escription of the retention mechanism of NPAHs on hybrid sup-
orts in reversed-phase liquid chromatography. Further studies
ith mobile phase additives are desirable for more thorough char-

cterization and are currently underway.
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