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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 mesophase
first we roughly observe the solutes with branched alkyl substituents were profoundly attracted to discotic lamellar phase, those with
electron-releasing substituents to lamellar crystalline phase, and those with disk-like substituents to discotic hexagonal phase. To quan-
tify the correspondent interactions between gaseous solutes and these mesophases, three controlling descriptors are chosen to account f
the general dispersion, Lewis acid—base, and polarizability from unpaired-electrons within interactions. Through the multi-linear regression
between enthalpy losses and solute descriptors, four linear equations, which correlation coefficients are larger than 0.926, are given to show
the responsible extent that the possible interactions would be involved in and are agreeably consistent with the rough observation. The
schematic representation of these mesomorphic structures clearly elucidates the connection between the proposed mechanisms and direc
observations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction active moieties introducing into the siloxane polymeric back-
bone for wall-coated capillarig8—11]. In general, the speci-
Metallomesogens exploit the opulent possibility of com- fied thermal behavior of these mesomorphic phases exhibited
bining the properties of liquid crystals (fluidity, ease of notonly the separation of geometric isomers due to the bene-
processability, one- or two-dimensional order, etc.) with fits of the orientated ordering of liquid crystal molecules, but
the properties associated with metal atoms (color, paramag-also electron-donating analytes due to the ligand exchange
netism, an electron-rich environment, etfd.). Compounds interactions committed to the coordination centers of metal
showing interesting magnet2], electrical[3], optical[4], ions.
and electroopticgb] properties have already been obtained. Effective separations require thermodynamic considera-
However, we focus our interest to the analytical application tion of selectivity optimization achieved by either temper-
of the GC stationary phases. A series of nickel-, zinc-thiolates ature variation or by using different stationary phases. The
or copper-carboxylates complexes showing calamitic or dis- thermotropic metallomesogen could simultaneously provide
cotic mesophases were designed as the coating materials oseveral different stationary phases as temperature changes.
the Chromosorb W for packing columifi§—8] and as the  The selectivity of a stationary phase is defined as its relative
contribution to comprise specific intermolecular interactions
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the mostimportant classification of GC stationary phases wasTable 1 . _ _ _
the Rohrschneider—McReynolds system. The main difficulty Physical and chemical properties of dialkylsulfities

of selectivity ranking of stationary phases based on retention Sulfides bp log1%® gt EP

index differences came from the selected solutes rarely rep-Group |

resenting a simply individual interactigh2,13] Kollie and t-Butyl methylsulfide 102 285 0298 Q101

Poole reasoned that the size dependence of the solutes could B!e_thy'su'f'dle i 15;21 2:223 géfg gég;
. . . i-iso-propylsulfide

be rempved by_ separating the free energy into a cavity term Di-t-butylsulfide 147 070 0284 0080

a_nd an interaction term, the latter being mdepende_nt of soI}Jte Diallylsulfide 138 3682 Q228 Q376

size and representative of polar solute—solvent interaction

14]. While the enthalpy changes were alsores onsible forthe *"2 P "

[14]. Wh py changesy P ol Di-n-propylsulfide 142 B96 182 Q122

correlations between the interactions, the sorbent coefficients  pj-secbutylsulfide 165 538 Q218 Q092

were likewise calculated by the multiple linear regression  Pentamethylene sulfide 142 733 Q168 Q330

analysig15]. The authors have demonstrated that the Lewis _ Di-n-butylsulfide 188 894 0182 Q122

acid—base chemistry on clay surfaces explains the significant 2 bp: boiling point ¢C); > 5 solute hydrogen-bond basicity values;
difference in enthalpy magnitudes between the sulfide andlogL?®: solute gas-hexadecane partition coefficieitithe excess molar
thiol classes. refraction.

In this study, dialkylsulfides, which contain a sulfur ~ Calculated fronfls].
atom with donating electrons and two alkyl substituents _ )
with various dimensions and electron-releasing ability, 2n€ polymer..AII chemicals gnd the method for the synthesis
are employed as probes to investigate the possible inter-and the capillary wall coating of P1eCuCis were clear
molecular interactions, with which the synthesized discotic described irf10].
copper-carboxylates mesophases would be concerned. The
preferable selectivity toward respective probes in certain 2.3. Measurement conditions
mesophases was assessed by the thermodynamic parame-
ters obtained. Furthermore, we propose a multi-linear model, ~ To approximate zero surface coverage, a split/splitless
which could quantitatively reflect the potent influence of the injector was set at 30:1 split ratio andul solutions of

sorbent morphology on the partition interactions. diluted concentration, 5 ppm for Group | analytes and 2 ppm
for Group Il in Table 1 were injected to the GC-FPD. The

retention time of each solute was measured five times at 10-

2. Experimental kPa inlet pressure, which impelled the capillary flow rate
toward 0.1 cm/s, and at the oven temperature between 30 and
2.1. Apparatus 95°C with an interval of 5C. The injector chamber was

held at 250C. The gas-hold-up time was determined by the

The gas chromatograph used throughout for column eval- injection ofn-hexane to the GC-FID system.
uation was a Shimadzu model 17A, equipped with a capillary
column split-injection system and a flame photometric detec-
tor (FPD) detector. The major components of FPD were a 3. Results and discussion
394 nm filter, a base block and a head block. To prevent the
condensation of samples within the blocks, the temperature  Gas chromatography is often the method of choice for
setting of base block should be 30 degrees higher than thethe determination of reliable thermodynamic data for volatile
oven temperature and the setting for the head block wassolutes, under conditions of approximately infinite dilution.
150°C. High purity nitrogen was used as the carrier gas. The thermodynamic properties obtained can provide infor-
Chromatograms were plotted on a Shimadzu CR-6A Chro- mation on the factors that are important in solute—liquid crys-

matopac integrator. talline molecular interactions and how they correspond to the
mesomorphic textures. This information is ultimately useful
2.2. Materials for the discrimination of selectivity and further developments

of the logical design of a particular stationary mesophase

Nine dialkylsulfides were obtained both from the Aldrich for a desired separation. In fact, a commercial capillary has
(USA) and TCI (Tokyo, Japan) and are listedrable 1with already become available in 1991 lined with a film of meso-
some physical and chemical properties. The stock solutionsgenic polymeric methylsiloxarig 6].
for these analytes were preparec 40° ppm in n-hexane
and kept at 4C. 3.1. Thermodynamic behavior

Deactivated fused silica capillaries (2000.25mm i.d.,
Restek, Bellefonte, PA) were cleaned to remove impurities  Although Gorgényi submitted a newer approach to the
on the capillary wall surface prior to the dynamic coating estimation of molar heat capacitigs], the infinite-dilution
of P-C15CuCs, a discotic copper complex-containing silox-  solute partial molar enthalpyz\H) and entropy A S) of solu-
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tion can both be obtained by means of the following equations
[18—20}

nyo TAH AS (0 M
9 RT R 2733R

V/
Vo= —
9w

Vi=(tr —to) x f

wheret, is the retention time of the samplg;the retention
time of the non-adsorbed substangéthe retention volume;
fthe flow rate of the carrier gaB] the weight of the stationary
phaseM the molecular weight of the stationary phaRejas
constant, 8.314 (J& mol~?); and V§ the specific retention
volume.

By combining the equations shown abovelH can be
calculated from the slope of the th to) (min) versusT 1
(Kelvin temperature) plot. The results with standard devia-
tions are summarized ifable 2and they show that the little
uncertainties were not influential. The sequence arrangement
of nine dialkylsulfides in the first column ifiable 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
be adjusted to properly retain vaporized solutes with vari-
ous pressures, which sources occur in the injector chamber
(250°C). Hence, the oven temperature range, 35&7,Gvas
assigned for Group | analytes and 602@5or Group Il. The
stationary phases upon the RsCuCig modified capillary
will exhibit the discotic lamellar () phase and the lamel-
lar crystalline phase (K) in the former temperature range and
discotic hexagonal phase ¢§) and O phase in the latter
temperature rangdO].

To easily clarify the separation mechanism of the
solutes in a given metallomesogen, differences in the
respective thermodynamic parameters need to be con-
sidered. The results inTable 2 would indicate the
enthalpy and entropy differences of solutes between two
mesophases. For the assessment of Group | solvkg, 1)
assigned asAHg_) — AHg-k) is in the decreasing
order of t-butyl methylsulfide > diethylsulfide > dso-pro-
pylsulfide > diallylsulfide > ditbutylsulfide. The ASk-_L)
order is same a&H_1). The greatenH k) would expe-
rience stronger solute—K phase interaction. In a similar man-
ner, the greateA Sk ) indicates that the solutes are more
compatible with the K phase than with the phase. With the
highest log-1® and negative values @fH _y andA Sk 1),
di-t-butylsulfide is exceptional among Group | solutes. This
special tendency to dissolve in_.phase may be owed to
the exoergic dispersion force exerted by branched alkyl sub-
stituents. Further we calculate the Gibbs free energ$)
in Table 2at the coexistent temperature of K and phase
(42.5°C). All are approaching zero, excegpbutyl methyl-
sulfide. This may be a result of basicity, which britgsutyl

Table 2

The energy chang@sf dialkylsulfides from the ideal gaseous state to mesophases and between two mesophases

K-D_ coexistence (42.5C)

D, discotic lamellar phase (45-7Q)

y: In(ty — to); x: 1/T x 10°

K, lamellar crystalline (30—4(C)
y: Inty — to); x: 1/T x 10°

Group |

ASk-1) AGK-1)

AHk-1)

—AHg-1)

—AHg—k)

1629 (0.25)
~0.22 (0.14)
~0.08 (0.13)
~0.08 (0.11)

499 (0.38)
3334 (0.21)
2130 (0.20)

~8.20 (0.17)

384 (0.12)

50.66 (0.04)
52.05 (0.03)
47.44 (0.04)
43.92 (0.02)
45.54 (0.04)

0.9994)
0.9996)
0.9993)
0.9997)
0.9993)

6.0K— 17.49 ¢
6.26¢— 17.75 ¢
5.7 — 15.68 ¢
5.28— 13.57 ¢
5.48—14.14 ¢

y
y
y
y
y

82.50 (0.11)
62.36 (0.06)
54.09 (0.05)
41.25 (0.05)
48.29 (0.05)

0.9993)

9.9%—23.42 ¢
7.50¢— 21.76 ¢
6.50«— 18.24 ¢
4.96— 12.58 ¢
5.8 — 15.19 ¢

y
y
y
y
y

t-Butyl methyl-

Diethyl-

180 (0.07)

0.9996)
0.9996)
0.9994)
0.9995)

.65 (0.06)
—2.67 (0.05)

Di-iso-propyl-
Di-t-butyl-
Diallyl-

871 (0.20) 008 (0.13)

75 (0.06)

D, —Dno coexistence (77.5C)

Dho, discotic hexagonal phase (80-95)

y: In(ty — to); x: LT x 10°

Dy, discotic lamellar phase (60-76)

y: In(ty — to); x: LT x 10°

Group Il

ASL-ho) AG(L_ho)

AH(L—ho)

—AH(g-ho)

—AHg-y

0.17 (0.33)
5.93 (0.19)
0.08 (0.18)
0.06 (0.12)

g (ideal gaseous solution), K (K mesophase), k. (D

—8.09 (0.49)
K, L or ho) for individual dialkylsulfide solute. Data in parentheses present the correlation coeffitemd Gtandard deviation.

—3281(0.33)
~1161 (0.27)

—2.67(0.17)
—5.58(0.11)
~3.99 (0.09)
—0.55 (0.06)

39.53 (0.11)
48.80 (0.02)
45.35 (0.01)
49.54 (0.01)

0.9952)
0.9999)
1.000)

47%—11.98¢
5.87%— 14.99 ¢
5.46—13.32 ¢

y
y
y
y

36.86 (0.13)
43.23(0.11)
41.36 (0.09)
48.99 (0.06)

0.9920)
0.9963)
0.9972)
0.9992)

4.4%—11.01¢
5.20c— 13.05 ¢
4.9%—11.93 ¢

5.8 — 14.30 ¢
2 AYx1-xe) represents the energy changg=H (enthalpy, kJmot?); S (entropy, Jmot! K—1); G (Gibbs energy, kJmof)) from thex1 state x1

y:
y
y
y
mesophase) or ho (g mesophase)) te2 state x2

Di-n-propyl-
Di-secbutyl-

Pentamethylene
Di-n-butyl-

~1.73(0.18)

1.000)

5.95% — 14.51 ¢

75
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methylsulfide, bearing the higheg}, the more compatibility
with the K phase than all other alkylsulfides in Group I.

As regards of Group Il, negativieH(__nho) and ASy _ho)
infer the preferable affinity for the discotic hexagonal
(Dno) phase. The affinity order is in the decreasing
order of disecbutylsulfide > pentamethylene sulfide >ri-
propylsulfide > din-butylsulfide. This seems that the more
disk-like the shape of molecular configuration is, the easier
the molecule dissolves infgphase. The calculated values of
the Gibbs free energy ifable 2at the coexistent temperature
of D and Dy, phase (77.8C) are near zero, except gdec
butylsulfide. This is originated from the largest entropy loss
(—32.81 I mot! K1) when the strong entrapment of skéc
butylsulfide from Q into Do Occurred.

The mechanisms of retention could also be studied via
the temperature dependence of the relative retentioof,
isomeric solute paifd 8]. The relevant equation for the solute
pair is as the following equation:

AAHg_p AASB_A
RT R

where AAYg_a (Y=H or §) indicates theAY value for B
minus that for A AAHg_aA and AASs_p values with lit-

tle standard deviation could be obtained from the slopes and
intercepts of plots of I versusT~1 and are arranged in
Table 3 With the comparison of the data in Group II, the
negative values of Gibbs free energy reveal that the partition
between Group | solutes and mesophases is thermodynam-
ically very consistent with the gas—liquid chromatographic
mechanism. Slightly positive\AGg_p values for Group

Il sulfides may imply the kinetic interference is somewhat
involved.

INna@n) =

3.2. Multi-linear model

More reliable descriptions to clarify the sources of sol-
vency are needed, though the trend of dialkylsulfide probes
distributed in the prepared mesophases has been generally
described in previous section. Here, we correlated the mea-
sured enthalpy data with Idd®, >~ g and/orE descriptors
upon the multi-linear regression (MLR), which may be deter-
mined by:

—AHg xy=c+eE+bY By +1logL'®

where the subscript X represents variant mesophases, and
e, b, | are coefficients (system constants) from the regres-
sion. These descriptors are suggested from the LSER model
[21,22] logL18, the gas-liquid partition coefficient on hex-
adecane at 28C, represents the contribution of cavity for-
mation and general dispersion interactions in gas-condensed
systemq23,24]. Wide variety of solute properties has been
estimated including retention in gas chromatography, solu-
bility in liquids, adsorption at solid and liquid interfaces, and
gas-substrate distribution constants in biological and envi-
ronmental system§f25,26] Sulfur compounds are known

Table 3

Energy differencesbetween a pair of substituted sulfides in mesophases

Group | pairs (A/B)

D, discotic lamellar phase (45-7Q)

K, lamellar crystalline (30—4C)

AASE_p) AAGE-a)

Y In agiay; X LT x 10° AAH@E-_p)

AASE_p) AAGE-a)

AAHE-_a)

y: In ag/ay; X LT x 10°

~0.72 (0.02)
—0.83(0.04)
~2.03(0.02)
~0.13(0.02)

~2.09 (0.03)
1724 (0.06)
1764 (0.03)

—4.87 (0.03)

~1.38(0.01)

0.9673)

0.165% — 0.2505 ¢

y=—0.5554&+2.074 ¢
y=—0.426X+2.1209 ¢

y:

—0.84 (0.06)
~0.92 (0.02)
~2.06 (0.02)
~3.32(0.33)

1432 (0.10)
2877 (0.03)
4756 (0.03)

39802 (0.52)

367 (0.03)
816 (0.01)
1295 (0.01)
12231 (0.16)

0.9994)
0.9992)
0.9994)
0.9992)

0.442%+1.7223 (=

—0.980&+ 3.4596 (

y:_

t-Butyl methyl-/diethyl-
Diethyl-/di-iso-propyl-

461 (0.02)
354 (0.01)
—1.66 (0.01)

0.9886)

y:
y

0.9833)

=—1.557%+5.7207 (=
—14.71%+47.874 ¢

Di-iso-propyl-/dit-butyl-

Di-t-butyl-/diallyl-

0.9665)

0.196% — 0.585 ¢

y:

y:

Dno, discotic hexagonal phase (80-35)

0 , discotic lamellar phase (60-7€)

Group Il pairs (A/B)

AASB-a) AAGE_a)

AAHEB_a)

y: In ag/a); x: 1T x 10°

AAGE_a)
0.40(0.06) vy

AASB-a)

AAHEB_a)

y: In agg/ay; X 1T x 10°

0.43 (0.02)
1.41 (0.02)
0.71 (0.02)

1155 (0.03)
~13.83(0.03)

448 (0.01)
~3.44 (0.01)

0.9955)

0.539% — 1.3892 ¢

1857 (0.09)
~9.23 (0.06)

694 (0.03)
~1.82 (0.02)

0.9878)

0.835X — 2.2455 ¢

y:

Di-n-propyl-/disecbutyl-

0.9954)
0.9989)

=_0.414+1.6628 ( =
0.500% — 1.1807 ¢

1.41(0.04) y

0.9530)
0.9884)

=-0.218%+1.1096 (=
0.910% — 2.3566 ¢

Di-secbutyl-/pentamethylene 'y

Pentamethylene/di-butyl-

416 (0.01) 982 (0.03)

0.70 (0.06) v

1960 (0.09)
@ AAY(a_p) represents the energy differenge=(H (enthalpy, kJ mot1); S(entropy, I mot! K—1); G (Gibbs energy, kJ mof)) betweenAYg andAYa. Data in parentheses present the standard deviation.

= 757 (0.03)

y:
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to behave as Lewis base. Therefore, solute hydrogen-bondoolymer, which acidity is favorable to the proposed ligand-
basicity,> 55', values are needed to quantify the basicity of exchange mechanism.

each of the dialkylsulfides. The solute excess molar refrac- As giving an insight into the Group | solutes, the two
tion, E, models the polarizability contributions from and  linear equations,—A Hg_x) = 12923 — 32.51l0ogL® +
m-electrons. That is the difference between the molar refrac- 165833 g(kJ mol't), »=0.984 and —AHgg ) =
tivity of a solute and the molar refractivity of an alkane 7195 6.77logL16 — 3.23%" pH(kImort),  »=0.990,
with the same volume. Additional solute deSCI’iptorS that are are Compared with the System constants of the K and D

excluded here are the solute hydrogen-bond acifyd,  mesophases. They indicafé g4 is more contributed to the
and the solute dipolarity/polarizabilityy, bHecause they are  enthalpy loss than log®, because the prefixed value of
either statistically identicad;) or zero § " o). Asthe com- 5~ gH s Jarger than the one of Idg (i.e. system constants

parison of system constants for different mesophases, thesq g5 83>-32.51 and—3.23 >—6.77). Furthermore, if the
two descriptors will make no difference and contribute to the first equation was subtracted by the second equation, the
same effect on the constant terenin the above expression.  resultant equation, AHg_1) — AHg-k) = AHK-1) =

We try to search for the descriptor values of dialkylsul- 57 og _ 25.74l0gL6 + 169065 B4, would match the
fides from starting with the review papg24]. However,  premier findings in 3.1 for the behaviors ofbutylsulfide
only information about diethylsulfide, agi-propylsulfideand 54 t-butyl methylsulfide. Namely, dioutylsulfide with

di-n-butylsulfide were obtainef@7]. Under the overall con- e largest lod. 16 dissolves easily in D and t-butyl
sideration of the contribution of alkyl groups in sulfides, the methylsulfide with the largest g4 in K.

descriptor's data iffable lare calculated from the additive About Group Il solutes, the two linear equations,
fragment constants. The additivity of one set of 81 functional —AHg_1) = —1431+ 3099E + 12123 ﬁ?(kJ mol2),
group fragments was capable of reproducing experimentallyy =0.999 and —AHg oy = —2.63+ 27.65E +
derived results with correlation coefficients ranging from 0.95 10265 gH(kJ mol ), »=0.926, both show theE

to 0.99[28]. The important messages brought from substi- descriptorzdominates’ovgrj B in e,ither 0 (30.99>12.12)

tuted groups are surely considered and preserved by the grouRy; oy, (27.65> 10.26). These should denote the great ten-
contribution approach.

The enthalpy data sets of each sulfide groups in different
mesophases ifable 2were evaluated for correlation through

dency of the mesophases to interact with Group Il sulfides
through the two unpaired electrons of sulfur atoms. The

he i . hod. Th lati fici ; molecular dimensions or shapes would affect the strength
the linear regression method. The correlation Coefficients for ¢ 1o polarizability interaction. Besides, the linearity of the

any groups of solutes iiable 4exhibit poor correlations .second equatiory, =0.926, is a little far from the ideal. This

between the measured enthalpy Qa'ta and a single phySI'deviation may be concerned with the kinetics involved in the
cal property, for example, the coefficient 0.859 account for GC retention, which only depends on the assumption of a

i i 16
Group| solutesinthe regressionof M) versuslog- ° pure partitioning process, and/or may be corrected by other
That means at least one other factor would be involved in descriptors

the correlation relationship. Therefore, we completed MLR

calculations using two descriptors, parts of the coefficients o _

in the last three columns ifiable 4are raised, especially ~3-3. Domination of mesomorphic structures

the logL® — 3" g4 bivariate for Group | solutes and the

> ﬂg' — E bivariate for Group Il solutes. Note that ﬁzH The morphology of stationary structure effectively domi-
provide a great influence on the chromatographic retention in nates the selectivity of solutes. The three phases derived from
any mesophases of the synthetic copper complex-containingthe synthetic side-chained polymer coating on the capillary

Table 4
Correlation coefficients of AH2 with physical variablésfor dialkylsulfides
Descriptors in mesophases Linear regression A with univariaté Multi-linear regression of- AH with bivariaté'
logL16 S B E logL?6, %~ gh logL'® E ST E
Group |
K crystalline (30-40C) 0.859 0208 0266 0984 0867 Q305
DL mesophase (45-7C) 0.989 0331 0282 Q990 0996 0498
Group |l
D. mesophase (60-7&) 0.164 0856 0168 0991 0168 0999
Do mesophase (80—-9%) 0.231 Q776 Q123 Q849 Q445 Q0926

a Enthalpy changes of solutes from the ideal gaseous state to mesophases, as the sarfialdata in

P The symbols of variables, ldg®, >~ g} andE, represent the same asTiable 1

¢ Correlation coefficients obtained from the linear regression aH with the indicated variable.

d Correlation coefficients obtained from the multi-linear regression AH with the two indicated variables.



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

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 hexagonahgP
phase. The dispersion interaction is easily found in the phases
with higher crystallinity. The discotic lamellar () 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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