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A comparison of the most usual gas chromatographic methods for the calculation of partial molar
enthalpies of solvation (A, H°) has been carried out. Those methods based on the fitting of InV; or
In(k/T) vs. 1/T and In(k/T) vs. (1/T and the temperature arrangement, T,) are the most adequate ones for
obtaining A, H° values. However, the latter is the only reliable option for A, H° estimation when com-
mercial WCOT capillary columns are used, since in this case the estimation of some variables involved
in the V; determination is less accurate or even impossible. Consequently, in this paper, A, H® obtained
from In(k/T) vs. (1/T+T,) fitting at 373.15 and 298.15 K for n-alkanes and n-alkylbenzenes on 12 commer-
cial capillary columns coated with stationary phases covering the 203-3608 McReynolds polarity range
are reported. Moreover, molar heat capacities of solvation at constant pressure (A, Cg) have also been
calculated using this method. A clear influence on A, H® of the type and content of the substitution group
in the stationary phase was observed. In addition, a linear relationship of A C3 with the van der Waals
volume of the n-alkanes and the temperature gradient of density of the stationary phase was found. The
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effect of the size of the hydrocarbon on both thermodynamic variables was also investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gas chromatography (GC) is, besides a powerful tool for the
analysis of complex mixtures, an alternative to the calorimetric
and static methods for measuring physicochemical parameters of
solutes [1]. The earliest physical measurements by GC date from
1955, when methods for obtaining boiling points, distribution con-
stants, and enthalpies and entropies of solvation for a volatile solute
dissolved in a non-volatile solvent were described [2]. While calori-
metric [3,4] and static methods [5] are still employed, GC has
become an easy way to study the thermodynamics of the inter-
action of a volatile solute with a non-volatile solvent. First, it is
cheaper and easier to apply. No especial experimental skills are nec-
essary either, small amount of material are required, and impure
solute samples and mixtures can be handled. Second, it is very
precise, so much so as retention magnitudes (retention time, tg;
retention factor, k; specific retention volume, Vg; etc.). This implies
careful pressure/flow regulation of the carrier gas and oven tem-
perature control, conditions easily achieved nowadays. Third, it is
possible to obtain values in a wide range of temperatures, since
the chromatographic column is inside an oven. Finally, GC exper-
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iments are rather quick, and much infinite-dilution information is
obtained in one run.

The measurement of thermodynamic parameters by GC is pos-
sible because the gas chromatographic process is similar to a
solvation process. Basically, it consists in a distribution of the ana-
lyte between the two phases, the mobile phase or carrier gas and the
immobile or stationary phase (SP). This process can be approached
in thermodynamic terms, for instance, A4, G°, Ao H®, A4 S°, etc.
where these symbols stand for partial molar solvation Gibbs energy,
enthalpy and entropy increments when a mole of solute is trans-
ferred from the mobile to the stationary phase. The increment of
the infinite dilution partial molar Gibbs solvation energy for the
transference of a solute from the carrier gas to the stationary phase
(AspGP) is given as:

AgiG° = —RT In K (M

where R is the gas constant, T, the temperature of the chromato-
graphic column, and K, the distribution constant of the solute
between the mobile and the stationary phase.

It is known that the Gibbs-Helmholtz’s equation relates par-
tial molar Gibbs energies of solvation with partial molar enthalpies
(Ao H®) and entropies (A4, S°) of solvation, according to Eq. (2).
On the other hand, the solvation process involves the condensation
and mixing of the pure solute with the solvent (stationary phase),
so Ay H® can be divided into two parts (Eq. (3)), the enthalpy of
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vaporization (AyapH®) and the excess enthalpy of mixing (HE), i.e.
the energy consumed or released when one mole of pure solute
dissolves in an infinite quantity of stationary phase.

AsolG0 = AsolH0 - TAsolSO (2)
AgoH® = —AyapH® + HE (3)

This excess magnitude is a measure of the relative freedom or
randomness of the solute molecule in the two phases [6], while
the solvation enthalpy is a measure of the relative magnitudes
of the molecular forces between solute and stationary phase. The
excess enthalpy can be calculated calorimetrically or by GC mea-
surements, in the last case, from experimental AgyH° and AyapH°
values or from the activity coefficient at infinite dilution (¥{°) [2].
HE values for a great variety of compounds, mainly n-alkanes, have
been determined in polysiloxanes [7-9], poly(ethylene glycol) [7],
ionic liquids [10-16], and other non-volatile substances [17-22].

In order to obtain experimentally all these thermodynamic
quantities it is necessary to relate them to some absolute chro-
matographic magnitude, as V. Rearranging Egs. (1) and (2) (Eq.
(4)), and keeping in mind the relationship between Vg and K (Eq.
(5)), the expression that allows to calculate A4, H° from the slope
of the InVg vs. 1/T plot (Eq. (6)) is obtained:

_ AsolH0 Asols0
K= -—fr—*+—& )
273.15RK
R VA )
(0] 0
m%:—é%i+é%i+c (6)

where M is the molar mass of the stationary phase and C is a
temperature-independent constant. This method has allowed to
calculate A4, H® values of different families of solutes in polysilox-
anes [7-9,23-25], poly(ethylene glycols) [7,23-25], squalane [26],
other polymers [18,19,21,22] and non-volatile substances [17,27]
in a limited range of temperatures, in which A, H° and A, S°
are considered to be independent from the temperature. Although
W(COT capillary columns are very popular nowadays, most of these
Ao HP values have been obtained using packed columns. The rea-
son lies in the variables that must be measured to obtain Vg values
(Eq. (7)), namely, the volumetric flow-rate of the dry carrier gas at
the column outlet, at the column temperature and ambient pres-
sure (Fc); the mass of stationary phase in the column (Ws); the
James and Martin’s correction factor (j); the experimental reten-
tion time of the solute (tg); and the retention time of an unretained
substance in the chromatographic system (ty;, hold-up time).

Fe . 273.15
Vg = WCSJ(fR—fM) T (7)

The low F; and W; values on capillary columns introduce addi-
tional sources of error [28], which produce inaccurate results. In
order to overcome this problem, and bearing in mind the relation-
ship between K and k (Eq. (8)), some chromatographers have used
the Ink vs. 1/T plot [29,30] or even the In(1/tg) vs. 1/T plot [31] to
calculate AgyH®:

t; —

K=pk=pR - gR=—tM (8)
tm tm

where 8 is the phase ratio and tj is the adjusted retention time of

the solute.

However, in these plots the dependence of S on temperature is
not considered, introducing a bias in the results. Therefore, other
authors [32,33] have used In(k/T) instead of Ink, by means of the
following two equations:

In (’i) - _ AgoH® + Ag1S°

T RT R TC )

AgotH2  Ago1C8
() = Lot | 2aG

T RT
ASOIH?O Asol CS To "
= 7 R (7+mﬂ+c (10)

where C' and (" are constants, T, is the temperature arrangement
and T, is a single reference temperature.

Eq. (10) bears in mind the enthalpy and entropy dependence on
temperature by introducing the change in molar heat capacity of a
solute at a constant pressure (A, C3), and allows to estimate the
solvation enthalpy outside the range of temperatures studied [31].

Taking into account the possibilities that GC offers to obtain
enthalpies of solvation, and the discrepancies in their calcula-
tion methods, infinite dilution partial molar solvation enthalpies
(Aso1H®) of some n-alkanes and n-alkylbenzenes on 12 polymers
determined between 323.15 and 423.15K are presented in this
work. A comparison of the different expressions used to estimate
AsoH° by GC was carried out. Its dependence on polarity and
composition of the stationary phase, as well on the size of the
hydrocarbon was studied. Other magnitude, the change in molar
heat capacity of a solute at a constant pressure (A C3), was also
calculated.

2. Experimental
2.1. Apparatus

Gas chromatographs HP-5890A and HP-5890 Series II (Agilent,
Palo Alto, CA, USA) with split/splitless injection systems, flame ion-
ization detectors (FID), back-pressure regulators and WIKA Tronic
891.13.500 pressure transducers (Alexander Wiegland, Klingen-
berg, Germany) with numeric monitors PM-2900 (Félix Mateo,
Barcelona, Spain) were used. Electronic integrators Spectra Physics
SP4270 (Newport Corp., CA, USA) and the Clarity Lite chromato-
graphic software for data acquisition and data processing for
Windows 98 (Data Apex Ltd., Prague, Czech Republic) were used.

2.2. Chromatographic columns

Most of experiments were carried out on the commercial chro-
matographic columns shown in Table 1, ordered by increasing
polarity. All columns are fused-silica WCOT type, with stationary
phases (SP) that span practically all the polarity range of pre-
ferred stationary phases [34]. But for the ZB-WAX column, that
have poly(ethylene glycol) as SP, the rest of columns belong to
the poly(dimethyl siloxane) type with different functional groups.
So, five of them are poly(phenylmethyl siloxanes) with 0-50% of
phenyl group (TRB-1, TRB-5A, TRB-20, TRB-35 and TRB-50), cover-
ing the low to medium polarity zone. Other five columns have only
3-cyanopropyl groups at several substitution percentages (BPX70
and TR-CN100) or mixed with phenyl groups (TRB-1301, BP10
and TRB-225), that confer them medium to high polarity. Finally,
the VB-210 column is a poly(3,3,3-trifluoropropylmethyl siloxane)
of medium polarity. BP columns were from SGE (International
Pty. Ltd., Victoria, Australia); VB-210, from ValcoBond Capillary
Columns (VICI Gig Harbor, WA, USA); ZB-Wax, from Zebron GC
columns (Phenomenex, CA, USA); and TRB and TR-CN columns were
from Teknokroma (San Cugat del Vallés, Barcelona, Spain).

Experiments for the comparison of enthalpy estimation meth-
ods were carried out on two glass WCOT columns prepared in
our laboratories from borosilicate glass tube by the static method
[35,36]. The column TFPS00 was 30.1 m x 0.225 mm x 0.300 wm,
and prepared with a solution of 5.20mgcm—3 of poly(dimethyl
siloxane). The other glass WCOT column (TFPS50), was
25.7m x 0.216 mm x 0.300 wm, and prepared with a solution
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Table 1
Characteristics of the 12 commercial chromatographic columns studied.
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Column name Stationary phase chemical composition Supplier? Dimensions® Polarity Methyl group
(%)
TRB-1 Poly(dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 203 100
TRB-5A Poly(5% diphenyl 95% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.50 pwm 324 95
TRB-20 Poly(20% diphenyl 80% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 571 80
TRB-1301 Poly(6% 3-cyanopropylphenyl 94% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 596 94
BP10 Poly(14% 3-cyanopropylphenyl 86% dimethyl siloxane) SGE 60m x 0.25mm x 0.25 pum 772 86
TRB-35 Poly(35% diphenyl 65% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 875 65
TRB-50 Poly(50% diphenyl 50% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 1007 50
VB-210 Poly(3,3,3-trifluoropropylmethyl siloxane) VICI Gig Harbor 60m x 0.25mm x 0.20 um 1574 50
TRB-225 Poly(50% 3-cyanopropylphenyl 50% dimethyl siloxane) Teknokroma 30m x 0.25mm x 0.25 pm 1843 50
ZB-WAX Poly(ethylene glycol) Phenomenex 30m x 0.25mm x 0.50 pwm 2403 0
BPX70 Poly(70% biscyanopropyl 30% dimethyl silphenylene-siloxane) SGE 60m x 0.25mm x 0.25 pm 3037 30
TR-CN100 Poly(biscyanopropyl siloxane) Teknokroma 30m x 0.25mm x 0.20 pwm 3608 0

a See Section 2.2 for more details.
b Column length x internal diameter x film thickness.

¢ Percentage of methyl groups in the siloxane chain. ZB-WAX was considered to have a 0% methyl content.

of 7.32mgcm=3 of poly(3,3,3-trifluoropropylmethyl siloxane).
Both polymers were previously synthesised in our laboratories
[35].

2.3. Chromatograms

Methane (from natural gas), n-alkanes (from n-pentane to
n-pentadecane) and n-alkylbenzenes (benzene, toluene, ethyl-
benzene, n-propylbenzene and n-butylbenzene) were chro-
matographed isothermally from 323.15 to 423.15K in increments
of 10K (£0.1K) using nitrogen as carrier gas. In order to sim-
plify the notation throughout the manuscript, temperatures are
given hereafter without the decimal places. Moreover n-butanol,
2-pentanone, 1-nitropropane and pyridine were also injected at
393K for calculating stationary phase polarity. Chromatograms
were recorded with retention times expressed in hundredths of
a minute.

On the other hand, to obtain thermodynamic magnitudes at infi-
nite dilution, independence of the solute retention times on the
amount injected are necessary. Therefore, mixtures of n-alkanes
and n-alkylbenzenes containing amounts of these compounds that
decreased as the hydrocarbon chain increased were prepared.
0.05-0.1 uL of these mixtures was completed up to 1L with
methane and injected in a split ratio of 100:1 at least three times.
Under such conditions, symmetric peaks were obtained for all the
compounds on all the stationary phases and temperatures, with
relative standard deviation for retention times lower than 0.34%
except for the TR-CN100 column (<0.84%). Solutes were purchased
from Merck (Darmstadt, Germany), Carlo Erba Reagenti (Rodano,
Milano, Italy) and Sigma-Aldrich Co. (St. Louis, MO, USA) with a
purity of 98-99.5%, sufficed for gas chromatographic use.

2.4. Mathematical treatment

Stationary phase polarity was calculated as the sum of the first
five McReynolds’ constants (Al;) at 393 K [37]. Specific retention
volumes were determined by Eq. (11), that allows reliable values
of Vg in capillary columns since magnitudes difficult to measure,
such as column head and outlet pressures, column length, inter-
nal diameter, mass and film thickness of the stationary phase, and
flow rate of the carrier gas at column temperature outlet, are not
involved [28,38]:

_5(17c75)2273.15
- Cs 205 T

where cs is the concentration of the SP solution used to prepare the
capillary column and ps is the SP density.

Vg (11)

Hold-up times (ty) were calculated by the LQG method [39].
Thus, retention times of a mixture of several n-alkanes including
methane were used to obtain the values of the four parameters, A,
B, C and D, of Eq. (12), that were used to calculate the respective
hold-up time through Eq. (13) at each chromatographic condition.

(12)
(13)

tg =A-+exp (B+CzP)
tm=A+expB

As mentioned in Section 1, different methods for obtaining par-
tial molar enthalpies of solvation at infinite dilution by GC are
described in the bibliography. According to theory (Eq. (6)), Agq H°
is obtained from the slope of the InVg vs. 1/T plot (Method A, ref-
erence method). Other possibilities employed in the literature are
Ink vs. 1/T (Method B) and In(1/t;) vs. 1/T (Method C) plots, and
recently the In(k/T) vs. 1/T plot by Eq. (9) (Method D) or the In(k/T)
vs. (1/T+T,) plot by Eq. (10) (method E). For the sake of clarity,
all of them are gathered in Table 2 including the physicochemical
meaning of their fitting parameters.

Microsoft Office Excel 2007 (Microsoft Corp., Redmond, WA,
USA) was used for data handling and basic calculations, and the
Statgraphics Centurion XV program (StatPoint Technologies, War-
renton, VA, USA) for univariate and multivariate linear regressions.
Non-linear regressions necessary for ty; estimation were carried
out using Microcal Origin 6.0 (OriginLab Corp., Northampton, MA,
USA).

3. Results and discussion
3.1. Comparison of the different methods for A, H° calculation

In order to compare and check the different methods for obtain-
ing Ao H® values by GC, some n-alkanes and n-alkylbenzenes were
injected at 353,373,393 and 413 Kin two capillary columns, TFPS00
and TFPS50 (see Section 2.2 for details). Both columns were pre-
pared in our laboratories, since it is necessary to know the amount
of stationary phase in the column to calculate V;; values. Using the
experimental retention times of n-alkanes and n-alkylbenzenes,
their tg, kand Vg values were calculated (see Table S1in Supplemen-
tary Data section). All of them were fitted to the different models
studied and gathered in Table 2. The 1/T coefficient (a parameter)
was multiplied by the gas constant (R) to obtain the A¢,H° for all
the compounds in the middle of the temperature interval (383 K).
Table 3 shows the values obtained by each method. As can be seen,
methods D and E give the same results as method A (reference
method), whereas the enthalpy values for methods B and C are
7-14% lower than the others. Differences stem from considering 8
constant with temperature in methods B and C. According to these
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Table 2
Mathematical models tested in this study and physicochemical interpretation of the fitting terms a, b and c.
Method Equation Parameter
a b c
_ 1 AsulH0 Asolso M
A lnvgfaTer R R 7ln7273.15R
_ 1 AgoH® AgqiS°
B lnk7a7+b ~—R Tflnﬁ
1 _ 1 AsolH0 Asols(J /3
C ln(tfl,{)faf+b R _T_lnﬁ
k _ 1 AsolHO A50|S° WsR
D ln(f)_af+b “—r 7+lnMVI&
k 1 a ASOIH'IQ0 Asol CS ASOIS(TJO WsR Asol CS InT,
E ln(f)faerbTaJrc T R R +1nMV§47 R 1+ R

3 T, =((To/T) +InT), T, being the temperature arrangement [33], T the temperature of the experiment (column temperature) and T, a single reference temperature.

Table 3
Partial molar enthalpies of solvation at 383 K on TFPS00 and TFPS50 columns.
Solute —AgoHS,; (K mol-T)
TFPS00? TFPS502
Method AP Method B Method C Method D Method E Method AP Method B Method C Method D Method E
n-Pentane 23.77 20.60 20.48 23.77 23.71
n-Hexane 27.78 24.60 24.48 27.77 27.70
n-Heptane 31.79 28.61 28.49 31.78 31.69 27.27 24.09 23.92 27.26 27.19
n-Octane 35.80 32.63 32.50 35.80 35.70 30.75 27.58 27.40 30.75 30.66
n-Nonane 39.82 36.65 36.52 39.82 39.70 34.22 31.05 30.87 34.21 34.11
n-Decane 43.84 40.66 40.54 43.83 43.70 37.68 34.51 34.33 37.67 37.56
n-Undecane 47.85 44.67 44.55 47.84 47.70 41.15 37.98 37.80 41.15 41.02
n-Dodecane 44.62 41.45 41.27 44.61 44.47
n-Tridecane 48.09 4491 44.73 48.08 47.93
Benzene 29.09 25.92 25.79 29.08 29.03 29.29 26.11 25.93 29.28 29.20
Toluene 32.63 29.46 29.33 32.63 32.56 32.40 29.22 29.05 32.39 32.30
Ethylbenzene 36.18 33.01 32.88 36.18 36.09 35.51 32.33 32.16 35.50 35.40
n-Propylbenzene 39.72 36.55 36.42 39.71 39.62 38.62 35.44 35.27 38.61 38.50
n-Butylbenzene 43.61 40.43 40.31 43.60 43.49 41.74 38.56 38.38 41.73 41.60

2 For characteristics of these WCOT columns see Section 2.2.
b See Section 2.4 and Table 2 for method identification.

results, InVg or In(k/T) are the adequate magnitudes to fit against
1/Tor (1/T+T,) when A, H® values are estimated. This fact is very
important when commercial capillary columns are used, since the
knowledge of the amount of stationary phase or the g is rarely
available.

Bearing in mind that the main aim of this work is to calculate
Ago1H® on commercial WCOT columns, methods D and E seem to
be the best choice. Their authors indicate that they are equiva-
lent [33], although method E offers the possibility of estimating
Aol Cp values and allows to determine A, H® values outside the
temperature range studied, for example at 298 K, that is a standard
reference temperature for thermodynamic magnitudes. Therefore,
in the following, we have adopted the method E (based on Eq. (10))
to calculate A H® and A, Cp values.

3.2. Determination of A4y H° on different commercial stationary
phases

Retention factors of n-alkanes and n-alkylbenzenes on 12 dif-
ferent polymeric stationary phases have been obtained in the
323-423K temperature range. Mean values are summarized in
Table S2 in Supplementary Data section. These k values were
fitted to the Eq. (10) by multiple linear regression at T, =373 K
(middle point of the temperature interval studied), but also at
To =298 K. Excellent regression models with adjusted correla-
tion coefficients higher than 0.999992, Fisher’s factors between
3.0 x 10° and 1.6 x 10%, and standard errors between 0.003 and
0.00009, were obtained. The residual plots do not show any sig-
nificant trend.

It is important to note that pure thermodynamic quanti-
ties of solvation only can be obtained when the mechanism
of retention is exclusively the gas-liquid partitioning. Although
in our case symmetric peaks were obtained, this fact does not
preclude the presence of adsorption effects [1]. Interfacial adsorp-
tion at the liquid interface has been observed for solutes with
limited solubility in the bulk liquid SP, particularly non-polar
solutes on polar SPs as poly(ethylene glycols) (as the ZB-WAX
column) [40-42] or poly(biscyanoalkyl siloxanes) (as the BPX70
and TR-CN100 columns) [40,43-45]. Therefore, in these cases the
thermodynamic magnitudes come from the combination of adsorp-
tion and solvation processes. Gonzdlez et al. [42] quantified the
average contribution of interfacial adsorption for n-alkanes in
capillary columns coated with poly(ethylene glycols) as a func-
tion of temperature and film thickness. Bearing in mind their
conclusions, only k values above 373K for the ZB-WAX col-
umn were considered to obtain its Ag,H® and Ay, Cp values,
because for a capillary column with 0.5um of film thickness
the interfacial adsorption contribution to the retention process is
expected to be below 2%, good enough to obtain reliable ther-
modynamic quantities of solvation in this SP. On the other hand,
it was not possible to quantify the contribution of interfacial
adsorption to the retention process for the columns with SPs
of high content of biscyanopropyl group (BPX70 and TR-CN100
columns), because there are not commercially available columns
with higher film thicknesses. However, taking into account the
limited data published about these SPs, it was considered worth-
while to keep in the paper the enthalpies and heat capacities
calculated in both columns, although in principle they must be
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Table 4
Partial molar enthalpies of solvation at 373 K on the commercial columns studied.
Solute —AgoHS,; (Kfmol 1)
TRB-1 TRB-5A TRB-20 TRB-1301 BP10 TRB-35 TRB-50 VB-210 TRB-225 ZB-WAXP BPX70°¢ TR-CN100°¢
n-Pentane 24.27 24.15 23.77 23.49
n-Hexane 28.36 28.26 27.85 27.80 27.52 26.45 26.01 25.17
n-Heptane 3243 3237 31.93 31.84 31.57 30.41 29.86 28.89 24.17
n-Octane 36.50 36.47 35.98 35.89 35.61 34.32 33.72 31.42 32.66 27.68 31.08
n-Nonane 40.57 40.58 40.04 39.94 39.66 38.28 37.56 34.91 36.40 31.28 34.90
n-Decane 44.63 44.69 4411 43.99 43.71 42.22 41.41 38.42 40.16 34.82 38.74 38.53
n-Undecane 48.70 48.79 48.17 48.04 47.75 46.16 45.25 41.93 43.91 38.39 42.58 42.62
n-Dodecane 52.77 52.90 52.22 52.09 51.80 50.10 49.09 45.44 47.66 41.94 46.40 46.70
n-Tridecane 56.28 56.14 54.04 52.94 48.94 51.41 45.49 50.25 50.81
n-Tetradecane 57.99 52.45 55.16 49.05 54.08 54.91
n-Pentadecane 55.96 57.92 59.00
Benzene 29.26 29.66 30.51 30.31 30.52 30.76 31.02 29.52 31.61 31.60 31.98 32.76
Toluene 33.04 33.48 34.26 34.06 34.27 34.42 34.60 32.78 35.06 3433 35.23 35.97
Ethylbenzene 36.82 37.31 38.04 37.80 38.01 38.09 38.16 36.03 38.50 37.06 38.49 39.18
n-Propylbenzene 40.60 41.13 41.79 41.54 41.76 41.75 41.72 39.28 41.95 39.78 41.75 42.42
n-Butylbenzene 44.37 44.96 45.55 45.29 45.51 45.41 45.28 42.53 45.39 42,51 45.00 45.63

3 Calculated by method E (Eq. (10)) at T, =373 K.

b The temperature range considered was 373-423 K, instead of the 323-423 K range taken for the rest of the columns.

¢ Partial molar enthalpy of sorption (solvation +adsorption).

considered as thermodynamic sorption quantities (AserH® and
AsorCR).

Table 4 lists the Ay, H® values at 373K for the n-alkanes and
n-alkylbenzenes in the studied WCOT columns ordered by the
polarity of the SP. All values are negative, indicating an exother-
mic process, so the solvation process is favoured by the enthalpic
component. As a general rule, the A HY,, values of the n-alkanes
become less negative when the SP polarity increases, since dis-
persion forces decrease accordingly. However, a closer look at
the values showed a dependence on substitution percentage and
type of functional group in the SP. Thus, Fig. 1 shows the plot
of Ag,HS,; values for n-undecane vs. the percentage of methyl
groups in the SP for all the polymers studied. The substitution of
methyl by phenyl groups into the siloxane chains increases the
enthalpy of the solvation process (less negative A, H3-,), because
the contribution of dispersion interactions decreases [46]. For a
given content, e.g. at 50% of methyl groups, A, HS,; for n-alkanes
also increases by the introduction of 3-cyanopropyl groups and
even more if the groups are 3,3,3-trifluoropropyl, as SPs with these
groups are more cohesive [46-48] and therefore, the solvation of
the n-alkanes on them is more difficult. So, the solubility of n-
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Fig. 1. Variation of the molar solvation enthalpy of n-undecane at 373K with the
methyl content of the polymer: (®) poly(ethylene glycol), (¢) poly(100% dimethyl-
siloxane) and poly(dimethylsiloxanes) with (B) diphenyl, (O) phenylcyanopropyl,
(a) trifluoropropylmethyl or (v) biscyanopropyl groups.

alkanes on these stationary phases decreases as compared with
the poly(dimethyl siloxane). The lowest solubility for these com-
pounds (highest A, HS-,) seems to correspond to the ZB-WAX (a
non polysiloxane-type polymer). At this stage it is important to
highlight the behaviour of the TR-CN100 column. Although it has
0% of methyl groups, as the ZB-WAX, it shows the same A, HS-4
value as BPX70 (30% of methyl group content). Bearing in mind that
it is a highly cohesive and polar SP [49], the cavity formation nec-
essary for the subsequent n-alkane insertion and activation of the
solute-stationary phase interactions is hindered. Therefore, the n-
alkane molecules remain adsorbed on the surface of the SP, since
the opposing forces of cavity formation (requires energy) and dis-
persion interactions (provide energy) favours the embedding of the
n-alkane in the interface as compared to its solvation in the SP. The
solvation properties of this interfacial region resemble those of the
bulk solvent, with the exception that the interfacial region is less
cohesive [50]. Hence, some dispersion interactions can be estab-
lished, giving a value of enthalpy lower than that of the ZB-WAX
column and of the same order as in the BPX70 column.

The opposite trend was found for n-alkylbenzenes. In gen-
eral, Ao HY,; decreases (more negative values) as the SP polarity
increases, since the dipolar interactions with the stationary phase
favour the solvation process. Again, a dependence of the enthalpy
on the type and content of substitution group was found. Fig. 2
shows the plot of the Ag,H3,; values for benzene in all the chro-
matographic columns according to the percentage of methyl group
in the polymer. The presence of phenyl and 3-cyanopropyl groups
favours the solvation of the n-alkylbenzenes in proportion to the
amount of those groups in the SP. This effect is more important in
phenylcyanopropyl, methylcyanopropyl and biscyanopropyl silox-
anes due to the higher dipole moment and stronger electronic
affinity of the cyanopropyl group as compared with the phenyl
group. This increase of the interactions with the 1 electrons of the
aromatic compounds results in a more favourable solvation pro-
cess [46,48]. As seen with n-alkanes, once more the VB-210 column
shows a high enthalpy value, due to the absence of electron lone
pair interactions in the SP, neither as donor nor as acceptor. The
strong electronegativity of fluorine atoms makes the fluoroalkanes
little prone to give unshared electron pairs to molecules with stable
empty molecular orbitals. Furthermore, fluorine cannot act as elec-
tron acceptor either, since the trifluoropropyl group does not have
stable empty molecular orbitals. On the other hand, the stationary
phases without methyl groups (ZB-WAX and TR-CN100) show close
enthalpy values, although higher (less negative) in the ZB-WAX,
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Fig. 2. Variation of the molar solvation enthalpy of (a) benzene, (b) n-ethylbenzene
and (c) n-butylbenzene at 373 K with the methyl content of the polymer (symbols
as in Fig. 1).

as poly(ethylene glycols) are slightly less dipolar/polarizable than
poly(biscyanopropyl siloxanes) [46]. In fact, the TR-CN100 column
shows the lowest (more negative) values for benzene in all the SPs
studied, indicating that, in contrast to the n-alkanes, the additional
polar solute-SP interactions of benzene with the 3-cyanopropyl
groups result in a preference for absorption over adsorption. When
the alkyl chain length of the aromatic ring increases, A, HS- 4
decreases (more negative) in all columns, but at different rates,
according to the magnitude of the dipolar/polarizable and electron
lone pair interactions as compared with dispersion interactions.
For n-alkylbenzenes, a balanced combination of these polar and
non-polar forces results in a curved variation of Ay, HS,, with
the percentage of methyl groups in the SP, being more evident
from benzene to n-butylbenzene (Fig. 2). However, VB-210 and
TR-CN100 columns do not follow this behaviour. The former
because cannot give polar interactions with the aromatic moiety,
and the latter because the n-alkylbenzenes are partially adsorbed
on the surface of the SP, as seems to indicate the low values
of enthalpy (even lower than that of BPX70 column). Moreover,
the contribution of interfacial adsorption to the retention process
increases with the length of the alkyl chain, as can be seen in
Fig. 2.

Table 5
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Fig. 3. Dependence of infinite dilution partial molar enthalpy of solvation on the
length of the chain attached to a methyl (a) or phenyl (b) group at 373 K on several
stationary phases: (O), TRB-1; (O), VB-210; (a), ZB-WAX; (4), TR-CN100.

The decrease of AgyH3,; with the hydrocarbon chain length
could be quantified as the slope of the plot of Ao HS,5 vs. the num-
ber of carbon atoms (z) of the molecule for a given homologous
series. In all cases, linear relationships with adjusted correla-
tion coefficients higher than 0.9999990, Fisher’s factors between
1.6 x 106 and 4.6 x 108, and standard errors between 0.01 and
0.0006 were obtained. The values of the slopes are presented in
Table 5, and Fig. 3 shows the dependence of Ag,H® on z for
n-alkanes and n-alkylbenzenes at 373 K in some of the chromato-
graphic columns studied. The slopes represent, in each case, the
contribution to the solvation enthalpy per methylene group of that
homologous series. Accepting the additivity principle, the slope of
the lines will represent the contribution of the methylene group
to the corresponding thermodynamic parameter in the series. The
slope value deduced from the plots of the n-alkanes is considered
as the real contribution of the methylene group [51]. In all other
instances, the “polar” group at the end of the hydrocarbon chain
(phenyl in our case) has an effect on the nearby methylene groups,
modifying their contribution to the thermodynamic parameters.
The net effect for a specific “polar” group may be deduced from
the differences in the slopes (Am). Thus, the phenyl group pro-
duces a decrease in the slope, so each new methylene group in
the n-alkylbenzenes contributes less than in the n-alkanes to their

Slopes of the plots (m) at two temperatures of partial molar enthalpies of solvation vs. the number of carbon atoms (z) of the alkyl side chain and difference from the slope

of the plot corresponding to n-alkanes (Am).

Column JANSSTS LN JANSYS

m Am? m Am?

n-Alkanes n-Alkylbenzenes n-Alkanes n-Alkylbenzenes
TRB-1 -4.07 -3.78 —4.65 -4.34 0.31
TRB-5A -4.11 -3.83 —4.61 -4.27 0.34
TRB-20 —4.06 -3.76 —4.57 —4.25 0.32
TRB-1301 -4.05 -3.74 —4.59 —4.28 0.31
BP10 —4.04 -3.75 —4.53 -4.18 0.35
TRB-35 -3.94 —-3.66 —4.36 -4.07 0.29
TRB-50 -3.85 -3.56 —4.32 -3.92 0.40
VB-210 -3.51 -3.25 —4.01 -3.76 0.25
TRB-225 -3.75 -3.44 —4.25 -3.85 0.40
ZB-WAXP —-3.56 -2.73 -4.10 -3.01 1.09
BPX70¢ -3.84 -3.26 —4.43 -3.70 0.73
TR-CN100°¢ —4.09 -3.22 —4.99 -3.95 1.04

All values in k] mol-1.
a2 Am=m (n-alkylbenzenes) — m(n-alkanes).
bCAs in Table 4.
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Fig. 4. Effect of phenyl moiety on the contribution of the methylene group of a
homologous series to the partial molar enthalpy of solvation.

Ago1HS,5, and consequently, to their solubility in the SP. This effect
is similar for all the SPs with methyl contents between 50 and
100%, but it has a higher magnitude (the process is less exothermic)
for the other three columns studied, that is, the more polar ones
(Fig. 4).

Values of Ay, H® at 298 K for the n-alkanes and n-alkylbenzenes
in the studied WCOT columns were also calculated. They are listed
in Table 6, ordered by the polarity of the stationary phases. Like
the values at 373K, all of them are negative but with higher abso-
lute values, since dispersion forces may not have a temperature
term, but they are strongly distance-dependent. For that reason,
the strengthening of solvent-solvent interactions that makes cav-
ity formation more difficult at lower temperatures also increases
the dispersion interactions by diminishing the average distance
between solute and solvent molecules. The dependence of A, H9yq
on type and content of functional group in the SP is also present,
and similar conclusions can be drawn.

The plots of Ay, HSqg vs. z for n-alkanes and n-alkylbenzenes
were in all cases linear, with adjusted correlation coefficients
higher than 0.999990, Fisher’s factors between 2.1 x 10° and
6.3 x 105, and standard errors between 0.05 and 0.007. The slope
values of the lines (Table 5), are more negative than those at 373K,
but show a similar trend of Am values with the percentage of
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methyl groups in the SP (see last column in Table 5). The effect of
the phenyl group of the alkylbenzenes on the value of Ag,HSgg is
higher than at 373 K, especially on the SP with low methyl content.

3.3. Determination of A, Cy on different commercial stationary
phases

In addition to its usefulness for obtaining solvation enthalpies,
Eq. (10) can also be used to evaluate molar heat capacities of sol-
vation at a constant pressure. However, it is important to point
out that the estimation of Ay, Cy values (Table 7) with Eq. (10)
has a higher error than that of Ay, H°. Thus, the average error in
Ao H® was +0.006 (0.02%) and +0.03 (0.08%) k] mol~! at 373 and
298K, respectively, but £0.4] mol~! K= (0.8%) in A, C3. All val-
ues in Table 7 are positive, as expected, since A, Cp is a measure
of the temperature dependence of A, H, indicating that the abso-
lute value of Ay, HC increases with temperature. The dependence
on polarity or type-content of substituent group in the stationary
phase is not as evident as that for A, H°.

Good straight lines were obtained for the A, Cp vs. z graphs
for all compounds. No deviation from this linear relationship was
observed in any case, even for higher n-alkanes on polar stationary
phases (Fig. 5), on the contrary to those obtained by Gérgenyi et al.
[23]. However, it is important to point out the high values of A, C3
for n-alkanes in the TR-CN100. As Gorgenyi et al. [23] indicated,
this may be connected with the formation of a structure in the SP,
like the adsorption of these compounds on its surface. Then all n-
alkanes studied should be adsorbed on the surface of the TR-CN100
stationary phase, in agreement with the low values of A, H° found
for this SP and the data from literature [40,43].

The linear dependence of A, CJ on z or other molecular size
magnitudes (molar volume, van der Waals volume, McGowan vol-
ume, etc.) is shown in Fig. 5, as all these magnitudes are linearly
related for n-alkanes. However, Gorgenyi et al. [23] found that
Aso1CY also fluctuates with the temperature gradient of the den-
sity of the SP (p’). In order to check this for the 12 SPs studied, a
multiple linear regression for the n-alkanes was carried out. The
van der Waals volumes (V) [52] and p’ values were used as inde-
pendent variables. The p’ values for all the SPs were obtained from
Ref. [53], but for TRB-1 and VB-210 [34], and BPX70 and TR-CN100
[54]. In all cases, for polymers with the same percentage of sub-
stituent groups the same density was taken, except for TRB-1301
and BP10 columns, for which it was assumed that the density was
that for the OV-105 stationary phase. Fig. 6 shows the results,

Table 6

Partial molar enthalpies of solvation at 298 K on the commercial columns studied.
Solute —AoHSgg (K mol 1)

TRB-1 TRB-5A TRB-20 TRB-1301 BP10 TRB-35 TRB-50 VB-210 TRB-225 ZB-WAXP BPX70¢ TR-CN100¢

n-Pentane 26.69 26.89 25.73 26.24
n-Hexane 31.26 31.61 30.34 30.47 30.69 29.43 28.23 28.20
n-Heptane 35.93 36.15 34.98 35.03 35.26 33.76 32.66 32.30 27.13
n-Octane 40.62 40.78 39.52 39.68 39.79 38.16 36.92 35.54 36.70 31.05 35.70
n-Nonane 4523 45.39 44.07 44.26 4433 42.54 41.27 39.57 40.94 35.29 40.16
n-Decane 49.90 50.01 48.63 48.85 48.86 46.85 45.56 43.58 45.14 39.35 44.70 45.95
n-Undecane 54.56 54.61 53.21 53.42 53.39 51.24 49.87 47.58 49.43 43.48 49.06 50.84
n-Dodecane 59.20 59.23 57.78 58.01 57.93 55.59 54.18 51.58 53.64 47.55 53.49 55.85
n-Tridecane 62.34 62.59 59.95 58.51 55.61 57.89 51.64 57.90 60.84
n-Tetradecane 64.33 59.64 62.12 55.75 62.32 65.86
n-Pentadecane 63.65 66.74 70.90
Benzene 32.05 32.90 33.03 32.95 33.74 33.94 34.10 32.79 35.07 35.12 35.51 35.71
Toluene 36.42 37.17 37.30 37.24 37.93 38.05 38.00 36.58 38.90 38.16 39.18 39.68
Ethylbenzene 40.78 41.42 41.53 41.54 42.13 42.10 41.94 40.32 42.74 41.15 42.87 43.67
n-Propylbenzene 45.08 45.70 45.77 45.81 46.30 46.17 45.84 44.09 46.62 4414 46.58 47.57
n-Butylbenzene 49.40 49.98 50.05 50.07 50.47 50.25 49.77 47.83 50.44 47.18 50.28 51.53

2 Calculated by method E (Eq. (10)) at T, =298 K.

bCAs in Table 4.
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Table 7
Molar heat capacities of solvation on the commercial columns studied.

R. Lebron-Aguilar et al. / J. Chromatogr. A 1217 (2010) 7767-7775

Solute Aol C3 (Jmol - K1)
TRB-1  TRB-5A TRB-20  TRB-1301 BP10  TRB-35 TRB-50 VB-210  TRB-225  ZB-WAX®  BPX70¢ TR-CN100°
n-Pentane 323 36.6 26.2 36.7
n-Hexane 38.6 446 334 35.6 422 397 29.6 403
n-Heptane 46.7 50.4 407 426 492 447 373 454 395
n-Octane 54.9 57.5 47.1 50.4 556 512 427 55.0 53.8 449 61.6
n-Nonane 62.2 64.2 53.7 57.6 623 5638 494 62.1 60.4 53.5 70.1
n-Decane 702 71.0 60.3 64.8 687  61.8 553 68.8 66.4 60.4 79.4 98.8
n-Undecane 78.1 77.6 67.2 71.8 752 677 615 75.4 73.6 67.8 86.4 109.6
n-Dodecane 85.8 84.4 74.1 79.0 818 732 67.8 81.9 79.8 74.9 94.4 122.1
n-Tridecane 80.8 86.1 78.7 74.3 88.9 86.4 82.0 102.0 133.7
n-Tetradecane 84.6 95.8 92.8 89.3 109.9 146.0
n-Pentadecane 102.5 117.6 158.6
Benzene 37.1 433 336 35.1 429 424 41.0 435 46.1 469 47.1 39.4
Toluene 451 492 405 424 488 483 454 50.6 51.2 51.0 52.8 49.4
Ethylbenzene 52.8 54.9 46.6 49.8 548 534 50.4 57.2 56.5 54.6 583 59.8
n-Propylbenzene  59.8 60.9 53.1 56.8 60.5 589 55.0 64.2 623 58.1 64.5 68.7
n-Butylbenzene 67.0 66.9 60.1 63.8 662  64.6 59.9 70.7 67.3 62.3 705 78.7
2 Calculated by method E (Eq. (10)).
b< As in Table 4.
the values for the TR-CN100 and BPX70 columns deviating from
the model. But for these values, the equation of the final model 160 .
with all terms statistically significant at the 95.0% confidence level .
was: y
Ago1CY = (—13.89 £3.77) + (0.645 £ 0.020)Vy o o 1207 * +
Q
— (0.737 £0.280) p’ x 10* (14) 5
with an adjusted correlation coefficient of 0.964, a Fisher’s factor ? 80
of 540 and a standard error of 4.69 for the 83 experimental val- 8
ues of Ay, Cp. The deviation of the values for TR-CN100 was in o)
accordance with the results obtained so far, indicating the inter- 40
facial adsorption of n-alkanes. However, this it is not the case for
the BPX70 column, because the Ay, H® and A, Cy values do not
show any hint of adsorption on the surface of the SP, although it
would be expected for such a high content of cyano groups in the 0 0 ' 30 60 %0 120
SP. The reason of this anomalous behaviour could be found in the Predicted Asolcpo

presence of silphenylene groups in the backbone, that makes the SP
less cohesive and therefore, promoting the solvation process [55].
Consequently, and according to Eq. (4), the use of p’ of a polysilox-
ane instead of the more rigid poly(silphenylene-siloxane) could
explain the deviation of BPX70 values in Fig. 6. However, for the
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(J mol 'K
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z of the alkyl side chain

Fig. 5. Dependence of molar heat capacities of solvation on the length of the chain
attached to a methyl (a) or phenyl (b) group on several stationary phases (symbols
as in Fig. 3).

Fig. 6. Plot of the observed vs. predicted values of the molar heat capacity of solva-
tion obtained by Eq. (14). Data from BPX70 (+) and TR-CN100 (x ) columns were not
considered in the fitting.

moment we do not have enough experimental evidence to support
this.

4. Conclusions

The results obtained confirm that gas chromatography allows
to calculate reliable A¢,H® values by relating InVg or In(k/T) to
1/T and In(k/T) to (1/T+T,), provided that retention times are due
only to the gas-liquid partitioning mechanism. Other methods that
related Ink or In(1/t;) to 1/T give Ay, H® values 7-14% lower,
because the phase ratio dependence on temperature is not con-
sidered. Therefore, when commercial capillary columns are used,
Eq. (10) is recommended for A, H® calculations. Bearing in mind
these facts, retention factors of n-alkanes and n-alkylbenzenes on
12 commercial capillary columns covering a broad stationary phase
polarity spectrum were estimated for the 323-423 K temperature
range. All these values were fitted to Eq. (10), obtaining A4, H° val-
ues at 373 K (middle point of the temperature interval studied) and
298K, with an average error lower than 0.08%. Ay, Cp values were
also obtained, with an average error lower than 0.8%.

The A4, H° values for the n-alkanes become less negative when
the content of methyl groups in the stationary phase decreases.
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The introduction of phenyl, 3-cyanopropyl or 3,3,3-trifluoropropyl
groups into the siloxane chains produces an increase of their A4, H°
values, the latter being more important for the same percentage.
The opposite situation was found for benzene and other light n-
alkylbenzenes, except for the VB-210 column, where an increase
of A4, H® was noticed. For the higher n-alkylbenzenes on the more
polar stationary phases a balance of dispersion and polar interac-
tion forces is observed.

The effect of the phenyl moiety on the contribution of the
methylene group to the A, H° of n-alkylbenzenes was found to
be similar for the SP with methyl contents between 50 and 100%,
but of higher magnitude for the rest of the columns studied (the
more polar ones). Both Ao H® and A4, C3 were perfectly corre-
lated to z for all the compounds studied. Moreover, for A, Cp a
linear relationship with the van der Waals volume of the n-alkanes
and the temperature gradient of density of the stationary phase
was found. The high values of A, Cp for n-alkanes in the TR-CN100
column, along with their low values of enthalpy, corroborate that
all n-alkanes studied are adsorbed on the surface of this station-
ary phase. Finally, the BPX70 column did not show the interfacial
adsorption expected for the n-alkanes, probably due to the presence
of silphenylene groups into the backbone.
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