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Abstract

The nine representative dialkylsulfides are designed as probes to the assessment of the discotic copper complex-containing siloxane
polymer as the GC stationary phase and the probable mechanism implicated. According to the isothermal retention data, which are trans-
formed to the enthalpy, entropy and Gibbs energy losses as the gaseous probes partitioning in a mesophase and between mesophases,
first we roughly observe the solutes with branched alkyl substituents were profoundly attracted to discotic lamellar phase, those with
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lectron-releasing substituents to lamellar crystalline phase, and those with disk-like substituents to discotic hexagonal phas
ify the correspondent interactions between gaseous solutes and these mesophases, three controlling descriptors are chosen
he general dispersion, Lewis acid–base, and polarizability from unpaired-electrons within interactions. Through the multi-linear
etween enthalpy losses and solute descriptors, four linear equations, which correlation coefficients are larger than 0.926, are g

he responsible extent that the possible interactions would be involved in and are agreeably consistent with the rough obser
chematic representation of these mesomorphic structures clearly elucidates the connection between the proposed mechanis
bservations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Metallomesogens exploit the opulent possibility of com-
ining the properties of liquid crystals (fluidity, ease of
rocessability, one- or two-dimensional order, etc.) with

he properties associated with metal atoms (color, paramag-
etism, an electron-rich environment, etc.)[1]. Compounds
howing interesting magnetic[2], electrical[3], optical [4],
nd electrooptical[5] properties have already been obtained.
owever, we focus our interest to the analytical application
f the GC stationary phases. A series of nickel-, zinc-thiolates
r copper-carboxylates complexes showing calamitic or dis-
otic mesophases were designed as the coating materials on
he Chromosorb W for packing columns[6–8] and as the

∗ Corresponding author. Tel.: +886 4 24730022; fax: +886 4 23248194.
E-mail address:cjl@csmu.edu.tw (J.-L. Chen).

active moieties introducing into the siloxane polymeric ba
bone for wall-coated capillaries[8–11]. In general, the spec
fied thermal behavior of these mesomorphic phases exh
not only the separation of geometric isomers due to the b
fits of the orientated ordering of liquid crystal molecules,
also electron-donating analytes due to the ligand exch
interactions committed to the coordination centers of m
ions.

Effective separations require thermodynamic consid
tion of selectivity optimization achieved by either temp
ature variation or by using different stationary phases.
thermotropic metallomesogen could simultaneously pro
several different stationary phases as temperature cha
The selectivity of a stationary phase is defined as its rel
contribution to comprise specific intermolecular interact
such as dispersion, induction, orientation, hydrogen-b
formation, and charge-transfer complexation. Historic

003-2670/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the most important classification of GC stationary phases was
the Rohrschneider–McReynolds system. The main difficulty
of selectivity ranking of stationary phases based on retention
index differences came from the selected solutes rarely rep-
resenting a simply individual interaction[12,13]. Kollie and
Poole reasoned that the size dependence of the solutes could
be removed by separating the free energy into a cavity term
and an interaction term, the latter being independent of solute
size and representative of polar solute–solvent interaction
[14]. While the enthalpy changes were also responsible for the
correlations between the interactions, the sorbent coefficients
were likewise calculated by the multiple linear regression
analysis[15]. The authors have demonstrated that the Lewis
acid–base chemistry on clay surfaces explains the significant
difference in enthalpy magnitudes between the sulfide and
thiol classes.

In this study, dialkylsulfides, which contain a sulfur
atom with donating electrons and two alkyl substituents
with various dimensions and electron-releasing ability,
are employed as probes to investigate the possible inter-
molecular interactions, with which the synthesized discotic
copper-carboxylates mesophases would be concerned. The
preferable selectivity toward respective probes in certain
mesophases was assessed by the thermodynamic parame-
ters obtained. Furthermore, we propose a multi-linear model,
which could quantitatively reflect the potent influence of the
s
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Table 1
Physical and chemical properties of dialkylsulfidesa

Sulfides bp logL16b
∑

βH
2

b Eb

Group I
t-Butyl methylsulfide 102 2.985 0.298 0.101
Diethylsulfide 92 2.898 0.182 0.122
Di-iso-propylsulfide 121 3.540 0.218 0.092
Di-t-butylsulfide 147 4.070 0.284 0.080
Diallylsulfide 138 3.682 0.228 0.376

Group II
Di-n-propylsulfide 142 3.896 0.182 0.122
Di-sec-butylsulfide 165 4.538 0.218 0.092
Pentamethylene sulfide 142 3.753 0.168 0.330
Di-n-butylsulfide 188 4.894 0.182 0.122

a bp: boiling point (◦C);
∑

βH
2 : solute hydrogen-bond basicity values;

logL16: solute gas-hexadecane partition coefficient;E: the excess molar
refraction.

b Calculated from[15].

ane polymer. All chemicals and the method for the synthesis
and the capillary wall coating of P-C15CuC18 were clear
described in[10].

2.3. Measurement conditions

To approximate zero surface coverage, a split/splitless
injector was set at 30:1 split ratio and 1�L solutions of
diluted concentration, 5 ppm for Group I analytes and 2 ppm
for Group II in Table 1, were injected to the GC-FPD. The
retention time of each solute was measured five times at 10-
kPa inlet pressure, which impelled the capillary flow rate
toward 0.1 cm/s, and at the oven temperature between 30 and
95◦C with an interval of 5◦C. The injector chamber was
held at 250◦C. The gas-hold-up time was determined by the
injection ofn-hexane to the GC-FID system.

3. Results and discussion

Gas chromatography is often the method of choice for
the determination of reliable thermodynamic data for volatile
solutes, under conditions of approximately infinite dilution.
The thermodynamic properties obtained can provide infor-
mation on the factors that are important in solute–liquid crys-
t o the
m eful
f nts
o hase
f has
a so-
g

3
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e
s

orbent morphology on the partition interactions.

. Experimental

.1. Apparatus

The gas chromatograph used throughout for column
ation was a Shimadzu model 17A, equipped with a capi
olumn split–injection system and a flame photometric de
or (FPD) detector. The major components of FPD we
94 nm filter, a base block and a head block. To preven
ondensation of samples within the blocks, the temper
etting of base block should be 30 degrees higher tha
ven temperature and the setting for the head block
50◦C. High purity nitrogen was used as the carrier
hromatograms were plotted on a Shimadzu CR-6A C
atopac integrator.

.2. Materials

Nine dialkylsulfides were obtained both from the Aldr
USA) and TCI (Tokyo, Japan) and are listed inTable 1with
ome physical and chemical properties. The stock solu
or these analytes were prepared 4× 103 ppm in n-hexane
nd kept at 4◦C.

Deactivated fused silica capillaries (20 m× 0.25 mm i.d.
estek, Bellefonte, PA) were cleaned to remove impur
n the capillary wall surface prior to the dynamic coa
f P-C15CuC18, a discotic copper complex-containing silo
alline molecular interactions and how they correspond t
esomorphic textures. This information is ultimately us

or the discrimination of selectivity and further developme
f the logical design of a particular stationary mesop

or a desired separation. In fact, a commercial capillary
lready become available in 1991 lined with a film of me
enic polymeric methylsiloxane[16].

.1. Thermodynamic behavior

Although G̈orgényi submitted a newer approach to
stimation of molar heat capacities[17], the infinite-dilution
olute partial molar enthalpy (�H) and entropy (�S) of solu-
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tion can both be obtained by means of the following equations
[18–20]:

ln V o
g = −�H

RT
+ �S

R
− ln

(
M

273.3R

)

V o
g = V ′

W

V ′ = (tr − to) × f

wheretr is the retention time of the sample;to the retention
time of the non-adsorbed substance;V ′ the retention volume;
f the flow rate of the carrier gas;W the weight of the stationary
phase;M the molecular weight of the stationary phase;Rgas
constant, 8.314 (J K−1 mol−1); andV o

g the specific retention
volume.

By combining the equations shown above,�H can be
calculated from the slope of the ln(tr − to) (min) versusT−1

(Kelvin temperature) plot. The results with standard devia-
tions are summarized inTable 2and they show that the little
uncertainties were not influential. The sequence arrangement
of nine dialkylsulfides in the first column inTable 2was
according to the elution order, which could apparently be
divided into two groups. The setting of GC oven temperature,
which governed the conformation of stationary phase, would
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tationary phases upon the P-C15CuC18 modified capillary
ill exhibit the discotic lamellar (DL) phase and the lame

ar crystalline phase (K) in the former temperature range
iscotic hexagonal phase (Dho) and DL phase in the latte

emperature range[10].
To easily clarify the separation mechanism of

olutes in a given metallomesogen, differences in
espective thermodynamic parameters need to be
idered. The results inTable 2 would indicate the
nthalpy and entropy differences of solutes between
esophases. For the assessment of Group I solutes,�H(K−L)
ssigned as�H(g−L) − �H(g−K) is in the decreasin
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rder is same as�H(K−L). The greater�H(K−L) would expe
ience stronger solute–K phase interaction. In a similar m
er, the greater�S(K−L) indicates that the solutes are m
ompatible with the K phase than with the DL phase. With th
ighest logL16 and negative values of�H(K−L) and�S(K−L),
i-t-butylsulfide is exceptional among Group I solutes. T
pecial tendency to dissolve in DL phase may be owed
he exoergic dispersion force exerted by branched alkyl
tituents. Further we calculate the Gibbs free energy (�G)

n Table 2at the coexistent temperature of K and DL phase
42.5◦C). All are approaching zero, exceptt-butyl methyl-
ulfide. This may be a result of basicity, which bringst-butyl



76 J.-L. Chen, C.-Y. Liu / Analytica Chimica Acta 548 (2005) 73–78

methylsulfide, bearing the highestβH
2 , the more compatibility

with the K phase than all other alkylsulfides in Group I.
As regards of Group II, negative�H(L−ho) and�S(L−ho)

infer the preferable affinity for the discotic hexagonal
(Dho) phase. The affinity order is in the decreasing
order of di-sec-butylsulfide > pentamethylene sulfide > di-n-
propylsulfide > di-n-butylsulfide. This seems that the more
disk-like the shape of molecular configuration is, the easier
the molecule dissolves in Dho phase. The calculated values of
the Gibbs free energy inTable 2at the coexistent temperature
of DL and Dho phase (77.5◦C) are near zero, except di-sec-
butylsulfide. This is originated from the largest entropy loss
(−32.81 J mol−1 K−1) when the strong entrapment of di-sec-
butylsulfide from DL into Dho occurred.

The mechanisms of retention could also be studied via
the temperature dependence of the relative retention,α of
isomeric solute pairs[18]. The relevant equation for the solute
pair is as the following equation:

ln α(B/A) = ��HB−A

RT
− ��SB−A

R

where��YB−A (Y=H or S) indicates the�Y value for B
minus that for A.��HB−A and��SB−A values with lit-
tle standard deviation could be obtained from the slopes and
intercepts of plots of lnα versusT−1 and are arranged in
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able 3. With the comparison of the data in Group II,
egative values of Gibbs free energy reveal that the par
etween Group I solutes and mesophases is thermody

cally very consistent with the gas–liquid chromatograp
echanism. Slightly positive��GB−A values for Group

I sulfides may imply the kinetic interference is somew
nvolved.

.2. Multi-linear model

More reliable descriptions to clarify the sources of
ency are needed, though the trend of dialkylsulfide pr
istributed in the prepared mesophases has been gen
escribed in previous section. Here, we correlated the
ured enthalpy data with logL16,

∑
βH

2 and/orE descriptors
pon the multi-linear regression (MLR), which may be de
ined by:

�H(g−X) = c + eE + b
∑

βH
2 + l logL16

here the subscript X represents variant mesophasesc,
, b, l are coefficients (system constants) from the reg
ion. These descriptors are suggested from the LSER m
21,22]. logL16, the gas–liquid partition coefficient on he
decane at 25◦C, represents the contribution of cavity f
ation and general dispersion interactions in gas-conde

ystems[23,24]. Wide variety of solute properties has be
stimated including retention in gas chromatography, s
ility in liquids, adsorption at solid and liquid interfaces, a
as-substrate distribution constants in biological and e
onmental systems[25,26]. Sulfur compounds are know
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to behave as Lewis base. Therefore, solute hydrogen-bond
basicity,

∑
βH

2 , values are needed to quantify the basicity of
each of the dialkylsulfides. The solute excess molar refrac-
tion, E, models the polarizability contributions fromn- and
�-electrons. That is the difference between the molar refrac-
tivity of a solute and the molar refractivity of an alkane
with the same volume. Additional solute descriptors that are
excluded here are the solute hydrogen-bond acidity,

∑
αH

2 ,
and the solute dipolarity/polarizability,πH

2 , because they are
either statistically identical (πH

2 ) or zero (
∑

αH
2 ). As the com-

parison of system constants for different mesophases, these
two descriptors will make no difference and contribute to the
same effect on the constant term,c, in the above expression.

We try to search for the descriptor values of dialkylsul-
fides from starting with the review paper[24]. However,
only information about diethylsulfide, di-n-propylsulfide and
di-n-butylsulfide were obtained[27]. Under the overall con-
sideration of the contribution of alkyl groups in sulfides, the
descriptor’s data inTable 1are calculated from the additive
fragment constants. The additivity of one set of 81 functional
group fragments was capable of reproducing experimentally
derived results with correlation coefficients ranging from 0.95
to 0.99[28]. The important messages brought from substi-
tuted groups are surely considered and preserved by the group
contribution approach.

The enthalpy data sets of each sulfide groups in different
m gh
t s for
a s
b hysi-
c t for
G
T d in
t LR
c ents
i lly
t he∑
p on in
a ining

polymer, which acidity is favorable to the proposed ligand-
exchange mechanism.

As giving an insight into the Group I solutes, the two
linear equations,−�H(g−K) = 129.23− 32.51 logL16 +
165.83

∑
βH

2 (kJ mol−1), γ = 0.984 and −�H(g−L) =
71.95− 6.77 logL16 − 3.23

∑
βH

2 (kJ mol−1), γ = 0.990,
are compared with the system constants of the K and DL
mesophases. They indicate

∑
βH

2 is more contributed to the
enthalpy loss than logL16, because the prefixed value of∑

βH
2 is larger than the one of logL16 (i.e. system constants

165.83 >−32.51 and−3.23 >−6.77). Furthermore, if the
first equation was subtracted by the second equation, the
resultant equation, �H(g−L) − �H(g−K) = �H(K−L) =
57.28− 25.74 logL16 + 169.06

∑
βH

2 , would match the
premier findings in 3.1 for the behaviors of di-t-butylsulfide
and t-butyl methylsulfide. Namely, di-t-butylsulfide with
the largest logL16 dissolves easily in DL and t-butyl
methylsulfide with the largest

∑
βH

2 in K.
About Group II solutes, the two linear equations,

−�H(g−L) = −14.31+ 30.99E + 12.12
∑

βH
2 (kJ mol−1),

γ = 0.999 and −�H(g−ho) = −2.63+ 27.65E +
10.26

∑
βH

2 (kJ mol−1), γ = 0.926, both show theE
descriptor dominates over

∑
βH

2 in either DL (30.99 > 12.12)
or Dho (27.65 > 10.26). These should denote the great ten-
dency of the mesophases to interact with Group II sulfides
t The
m ngth
o the
s is
d the
G of a
p other
d

3

mi-
n from
t llary

T
C es

D ivariat

E

G
0.26
0.28

G
0.16
0.12

phase
s inTable
h the in
fH with
esophases inTable 2were evaluated for correlation throu
he linear regression method. The correlation coefficient
ny groups of solutes inTable 4exhibit poor correlation
etween the measured enthalpy data and a single p
al property, for example, the coefficient 0.859 accoun
roup I solutes in the regression of−�H(g−K) versus logL16.
hat means at least one other factor would be involve

he correlation relationship. Therefore, we completed M
alculations using two descriptors, parts of the coeffici
n the last three columns inTable 4are raised, especia
he logL16 − ∑

βH
2 bivariate for Group I solutes and t

βH
2 − E bivariate for Group II solutes. Note that

∑
βH

2
rovide a great influence on the chromatographic retenti
ny mesophases of the synthetic copper complex-conta

able 4
orrelation coefficients of−�Ha with physical variablesb for dialkylsulfid

escriptors in mesophases Linear regression of−�H with un

logL16
∑

βH
2

roup I
K crystalline (30–40◦C) 0.859 0.208
DL mesophase (45–70◦C) 0.989 0.331

roup II
DL mesophase (60–75◦C) 0.164 0.856
Dho mesophase (80–95◦C) 0.231 0.776

a Enthalpy changes of solutes from the ideal gaseous state to meso
b The symbols of variables, logL16,

∑
βH

2 andE, represent the same a
c Correlation coefficients obtained from the linear regression of−�H wit
d Correlation coefficients obtained from the multi-linear regression o−�
hrough the two unpaired electrons of sulfur atoms.
olecular dimensions or shapes would affect the stre
f the polarizability interaction. Besides, the linearity of
econd equation,γ = 0.926, is a little far from the ideal. Th
eviation may be concerned with the kinetics involved in
C retention, which only depends on the assumption
ure partitioning process, and/or may be corrected by
escriptors.

.3. Domination of mesomorphic structures

The morphology of stationary structure effectively do
ates the selectivity of solutes. The three phases derived

he synthetic side-chained polymer coating on the capi

ec Multi-linear regression of−�H with bivariated

logL16,
∑

βH
2 logL16, E

∑
βH

2 , E

6 0.984 0.867 0.305
2 0.990 0.996 0.498

8 0.991 0.168 0.999
3 0.849 0.445 0.926

s, as the same data inTable 2.
1.
dicated variable.
the two indicated variables.
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Fig. 1. Schematic representation of the stack unit structure (A) and three
discotic phases: (B) K, lamellar crystalline, (C) DL, discotic lamellar, (D)
Dho, discotic hexagonal.

wall showed themselves characteristics after the approval of
the multi-linear model.

Every phase consists of discotic units presented inFig. 1A,
which include two copper ions and four long alkyl carboxy-
lates. The phase with higher crystallinity or ordering displays
less mobility and more dispersive ability. Here, the general
dispersion interactions partly respond to the whole partition-
ing distribution, although the acid–base interactions do more
as the coordination center atoms, Cu(II), sustain the acidity.
These copper atoms are more “visible” and easily approached
by donating solutes in the lamellar crystalline (K) phase with
the highest crystallinity than in the lamellar discotic (DL)
phase. These two phases are illustrated inFig. 1B and C.

The discotic hexagonal (Dho) phase shown inFig. 1D is
less dispersive with less ordering between columns than the K
and DL phases. The dipolarity or polarizability contributions
from unpaired electrons of sulfur atoms are thus enhanced in
the moderately polarizable Dho phase and even stronger than
the acid–base interactions. In addition, the looser bondage
between columns apparently further allows the alkyl sub-
stituents of sulfide solutes to enter into the spaces between
the disk-like stacks in a column. The substituents, such as di-
sec-butyl and pentamethylene groups, with disk-like shape
are more easily inserted into the slot entrances.

4

ten-
t enic
p ther-
m
T te-
m ssess

ment of selectivity. Under the multi-linear model, we suggest
four linear equations to describe the quantitative interactions
between the sulfide probes and mesophases. The acid–base
interaction prevails in the lamellar crystalline (K) phase and
the polarizability interaction in the discotic hexagonal (Dho)
phase. The dispersion interaction is easily found in the phases
with higher crystallinity. The discotic lamellar (DL) phase
with gentle ordering will perhaps experience all these inter-
actions. This work will not only approve the well separation
of dialkylsulfides by our GC system, but also benefit the
researches in the mesomorphic structure design for the anal-
ysis of certain analytes.
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