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Abstract

A new side-chain liquid crystalline polysiloxane (SCLCP) having a wide liquid crystalline range of 1408C to 3158C was
used as a stationary phase in capillary column gas chromatography. A series of new SCLCPs was synthesized using olefins
containing 2,6-disubstituted naphthalene. The olefins were attached to a hydromethylpolysiloxane backbone by a
hydrosilylation reaction using a platinum catalyst. Reproducible fused-silica capillary columns were made from the new
SCLCP stationary phase. The columns have high thermal stability, efficiency and isomer specificity for the separation of
isomeric compounds. The separations on the SCLCP stationary phase column and on a dimethyl (5% phenyl)polysiloxane
stationary phase column are compared. The applications of capillary columns made from the new SCLCP for the separation
of isomeric polychlorinated dibenzo-p-dioxins, polycyclic aromatic hydrocarbons and pesticides are demonstrated as
examples.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction based on differences in volatilities of the sample
components. The separation and analytical task

Compounds with different boiling points and becomes difficult and challenging for the compounds
molecular masses are easily separated and analyzed with close boiling points and molecular masses,
using conventional stationary phases in capillary especially positional and structural isomers. Very
column gas chromatography (GC). The separation of long capillary columns (.60 m) with conventional
compounds with similar volatilities or boiling points stationary phases can provide the separation of close
using capillary columns with conventional stationary boiling compounds if they differ in molecular masses
phases is very difficult, because the separation is and structures. However, the use of long capillary

columns results in a longer time for the analysis,
which is not practical for routine analysis and the
separation of isomeric compounds are not satisfac-*Corresponding author.

1 tory. Therefore, it is necessary to develop stationaryPresent address: Division of Polymer Chemistry, National
Chemical Laboratory, Prune 411008, India. phases that differ from those known and have
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advantageous properties. Liquid crystalline poly- polysiloxane backbone by hydrosilylation reaction.
siloxanes (LCPs) are among such stationary phases. The synthetic procedures and properties of a series of

Liquid crystalline stationary phases have shown olefins, and the SCLCPs from those olefins, will be
unique selectivity for the separation of isomeric published elsewhere. A new SCLCP containing
compounds of similar volatilities, the subject has disubstituted naphthalene was studied as a stationary
been reviewed several times [1–6]. After the initial phase in capillary column GC and the results are
discovery of the selectivity of liquid crystalline reported in this paper.
stationary phases the main thrust was to develop
liquid crystalline compounds with wide liquid crys-
talline temperature ranges for columns with higher 2. Experimental
operating temperatures and lower bleed in GC
applications [7–13]. The correlation between the The new SCLCP developed under the current
separation factor for positional isomers of disubsti- investigation was used as a stationary phase to make
tuted benzenes (meta and para), liquid crystalline fused-silica capillary columns. The columns were
range and structures of liquid crystalline stationary made using the static coating technique. In a typical
phases has been studied [14–26]. It was found that procedure, the fused-silica capillary tubing of about
the separation factor for a particular pair of isomers 60 m in length, was cleaned by passing toluene
depends not only on the liquid crystalline range but (five-times the volume of the tubing) through the
also on the chemical structure of the liquid crys- tubing. Then the tubing was dried by heating in a GC
talline stationary phase. Thus, depending on the oven from 408C to 3008C at a program rate of
structure of the liquid crystalline stationary phase, 108C/min, with helium passing through the tubing at
the selectivity for the separation of isomer pairs of a flow-rate of about 3 ml /min. The stationary phase
different sizes and shapes varies. The correlation solution was prepared by dissolving a calculated
between the structure of the stationary phase and the amount of SCLCP in dichloromethane. A pre-treated
separation of the isomeric compounds provides very fused-silica capillary tubing of desired length was
important clues to develop specific liquid crystalline then filled with the stationary phase solution. The
stationary phases for the separation of isomeric filled tubing was then sealed at one end and solvent
compounds, this correlation has prime importance in was removed by applying vacuum to the other end.
designing tailor made stationary phases. The coated column was conditioned by heating from

The synthesis and applications of side-chain liquid 408C to 2958C at 48C/min, and holding at 2958C for
crystalline polysiloxanes (SCLCPs) [27–37] and 5 h. The SCLCP used as the stationary phase had a
polyacrylates [38–40] in capillary column GC have wide liquid crystalline range of 1408C to 3158C.
been reported. Among the side-chain liquid crys- Three columns: (1) 30 m30.25 mm I.D., 0.125 mm
talline polymers, mostly phenyl and biphenyl car- film, (2) 20 m30.25 mm I.D., 0.15 mm film, (3) 10
boxylic acid esters containing side-chain polymers m30.25 mm I.D., 0.15 mm film were prepared and
were developed and used as stationary phases. It evaluated in the current studies. The columns made
would be of interest to develop SCLCPs containing a using the SCLCPs developed in this study are
variety of substituted aromatics and to explore their designated as LC-50 columns, where LC stands for
properties as stationary phases in capillary GC. Thus, liquid crystalline and 50 indicates that the backbone
considering the structures, liquid crystalline ranges polysiloxane contains about 50% liquid crystal side-
and thermal stability of the liquid crystalline station- chains. For the comparison a ICB-5 [immobilized
ary phase so far studied [27–40], it was decided to and chemically bonded, dimethyl (5% phenyl) poly-
develop new SCLCPs with 2,6-disubstituted naph- siloxane stationary phase] column, 30 m30.25 mm,
thalene, a fused-ring aromatic system containing 0.25 mm film was also prepared using the static
side-chains, to study their properties as GC station- method as described above. A mixture of polychlori-
ary phases. Initially, several 2,6-disubstituted naph- nated dibenzo-p-dioxins (PCDDs) synthesised in our
thalene containing liquid crystalline olefins were laboratory and individual standards of 2,3,7,8-substi-
synthesized. Those olefins were then attached to a tuted PCDD isomers available from commercial
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sources were used to determine the selectivity of the tion temperatures, however, the performance of
newly developed column. The standards of poly- fused-silica capillary columns made from different
cyclic aromatic hydrocarbons (PAHs) and pesticides batches of the SCLCP was identical. Although, the
were used from our laboratory stock. The ions SCLCP has a wide liquid crystalline range between
monitored for the tetra- to octachlorinated PCDDs 140 to 3158C, our extensive studies of the stability of
during a GC–mass spectrometry (MS) run were M, the stationary phase shows that the columns con-
M12, M14 or M12, M14, M16 for each congener ditioned at 2958C for 5 h can be operated between
group. A Hewlett-Packard 5890 GC/5970 mass- 1008C to 2708C with optimum performance for a
selective detection (MSD) system and a HP 5880 gas long period of time. Extension of the lower column
chromatograph equipped with electron-capture de- operating temperature from 1408C to 1008C seems to
tection (ECD) and flame ionization detection (FID) be due to cross-linking of the backbone polysiloxane
systems was used to evaluate the performance of the chain during column conditioning.
columns regarding efficiency, stability and the iso- Generally, columns made from liquid crystalline
mer specific selectivity. Liquid crystalline transition stationary phases have shown lower efficiencies than
temperatures were determined using a heating stage from those made from traditional polysiloxane
polarizing microscope (Leitz, Germany). stationary phases [28,30]. Capillary columns with the

traditional polysiloxane stationary phases shows high
efficiency when n-alkanes or fatty acid methyl esters

3. Results and discussion were used as solutes, however, it was observed that
PAHs such as triphenylene and chrysene show high

The structure of the SCLCP used as the stationary efficiency on the SCLCP stationary phases. This may
phase is shown in Fig. 1. The transition temperatures be due to the high polarity of the SCLCP and also
of the SCLCP were 1408C (crystalline to nematic, due to the matrix effect of the ordered structure of
cn) and 3158C (nematic to isotopic, ni), which were the SCLCP stationary phase. The columns made
determined by a heating stage polarizing microscope. using the SCLCP stationary phase under current
Different batches showed minor variation in transi- investigation shows efficiencies up to 3600 theoret-

ical plates per meter for triphenylene and chrysene
for the columns with an internal diameter of 0.25
mm and film thickness up to 0.25 mm.

The preparation and uses of various side-chain
liquid crystalline polymer stationary phases in capil-
lary column GC have been reported [27–40]. How-
ever, lower column efficiency and higher column
bleed over 2408C are the main drawbacks of these
stationary phases. The reports of the use of poly-
meric liquid crystal stationary phases show that most
of the capillary columns start bleeding above 2408C.
Columns with the SCLCP developed in our studies
are stable up to 2958C. We have observed a column
bleed of less than 10 picoamperes (pA) at 2708C for
columns up to 20 m in length (I.D. 0.25 mm) with a
film thickness of 0.15 mm. It is observed that the
operation of the columns above 2708 (up to 2958C) is
also possible. In our studies it was found that instead
of using longer columns (30 m) at higher tempera-
tures for shorter run times for less volatile sampleFig. 1. Structure of a SCLCP stationary phase. Liquid crystalline
components, it is better to use shorter columns (10 tophase transition temperatures: crystalline to nematic (cn), 1408C;

nematic to isotropic (ni), 3158C. 20 m) with smaller film thicknesses. Liquid crystal
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columns have very large separation factors for the
separation of isomeric compounds, so it is possible
to use 10 to 20 m columns to separate compounds
difficult or impossible to separate on longer (.60 m)
capillary columns with conventional stationary
phases. The column developed under the current
investigation is operable between 40 to 3108C,
however, below 1008C column efficiency is poor and
above 2958C column bleed is excessive. Thus, for
the optimum performance and longer life of the
column it seems that the column should be used in
the range of 1008C to 2708C.

A graph of separation factor vs temperature for
phenanthrene (M 178, b.p. 3248C) and anthracener

(M 178, b.p. 3248C) on LC-50 and ICB-5 columnsr

is shown in Fig. 2. A higher separation factor on the
LC-50 column was observed. Interestingly, a
baseline separation of phenanthrene and anthracene

Fig. 3. Separation of a mixture of PAHs on ICB-5 and LC-50
was observed even at 2308C on the LC-50 column, columns. Chromatographic conditions: columns: ICB-5, 30 m3
where as they eluted as a single peak on the ICB-5 0.25 mm, 0.25 mm film; LC-50, 10 m30.25 mm, 0.15 mm film;
column. temperature program: 1008C for 1 min, 100 to 2408C at 108C/min,

240 to 2758C at 48C/min, 2758C for 20 min. Injector: cool-on-The separation of a mixture of PAHs on the LC-50
column. Detection: FID at 3208C; carrier: helium; amount of eachand ICB-5 columns is shown in Fig. 3. Separation of
compound: 10 to 100 ng. Peaks: 15fluorene, 25phenanthrene,

the mixture of PAHs, especially isomeric PAHs, 35anthracene, 45fluoranthene, 55pyrene, 651,2-benzofluorene,
phenanthrene /anthracene, triphenylene /chrysene and 752,3-benzofluorene, 85triphenylene, 95chrysene, 105

benzo[e]pyrene /benzo[a]pyrene is fast and superior benzo[e]pyrene, 115perylene, 125benzo[a]pyrene.

on the LC-50 column. It is appreciable that such a

superb selectivity and separation is observed on a 10
m column compared to a 30 m ICB-5 column with
the conventional stationary phase. Comparison of the
chromatograms also shows that the SCLCP column
has produced very symmetrical peaks and compar-
able bleed to that of the ICB-5 column, these results
indicate that the LC-50 can be used for trace analysis
of complex environmental samples.

GC–MS in the electron impact selected ion moni-
toring (EISIM) mode is generally used for analysis
of PCDDs. The separation of PCDDs from other
interfering compounds can be achieved using high-
resolution (HR) GC–HR-MS and HR-GC–MS–MS
techniques. However these techniques are not useful
for the separation of isomers in each congener group.
The separation of 2,3,7,8-TCDD (2,3,7,8-tetrachloro-
dibenzo-p-dioxin) from other TCDD isomers is very
important to determine the toxicity of a particularFig. 2. A graph of separation factor (a) vs. column temperature
sample. The analytical methodology could be sim-(8C) for phenanthrene and anthracene on ICB-5 and LC-50

columns. plified if a gas chromatographic column could sepa-
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rate the interfering compounds as well as the isomers other TCDD isomers using the newly developed
in all congener groups of dioxins and dibenzofurans. capillary column by GC–MS is shown in Fig. 4A.
The complete separation of 2,3,7,8-TCDD from all The separation and retention time of 2,3,7,8-TCDD

Fig. 4. Separation of 2,3,7,8-TCDD from other TCDD isomers, GC–MS/EI-SIM data. (A) Mass chromatogram of M12 ion of T CDD (m /z4
13321.9) for a synthetic mixture of PCDDs, (B) mass chromatogram of M12 ion of [ C]TCDD (m /z 333.9) for a spiked labelled standard,

(C) total ion chromatogram of a synthetic mixture of PCDDs. Chromatographic conditions: LC-50 column: 30 m30.25 mm I.D., 0.125 mm
film. Temperature program: 1008C for 1 min, 100 to 2508C at 108C/min, 250 to 2858C at 58C/min, 2858C for 40 min. Injector:
cool-on-column. Interface at 2858C.
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was confirmed from the retention time of the spiked
13[ C]TCDD, Fig. 4B. It can be seen from Fig. 4A

and Fig. 4B that 2,3,7,8-TCDD is completely sepa-
rated from all other tetra-CDD isomers. The selec-
tivity of this new column can be explained based on
the mechanism of separation on liquid crystalline
stationary phases. Among the isomers with similar
volatilities, the linear and symmetrical isomers will
be retained longer than the bulkier isomers because
the linear and symmetrical isomers favour the geom-
etry of the liquid crystal stationary phase. The
2,3,7,8-TCDD is the most symmetrical and linear of
all 22 TCDD isomers and, hence, retain longer. The
separation achieved using the new column and GC–
MS selected ion monitoring (SIM) technique for a
synthetic mixture containing mono- to octa-
chlorodibenzo-p-dioxin isomers is shown in Fig. 4C.
There are several advantages of the newly developed

Fig. 5. Separation of a mixture of pesticides on ICB-5 and LC-50
column for the analysis of environmental samples. It columns. Chromatographic conditions: columns: ICB-5, 30 m3
can be used for the analysis of the total PCDD/ 0.25 mm, 0.25 mm film; LC-50, 20 m30.25 mm, 0.15 mm film.
PCDF in addition to 2,3,7,8-TCDD in the environ- Temperature program: 1008C for 1 min, 100 to 2408C at 108C/

min, 240 to 2758C at 48C/min, 2758C for 20 min. Injector:mental samples. The separation of 2,3,7,8-TCDD
cool-on-column, detection: ECD at 3008C; carrier: helium; amountfrom other tetra isomers and analysis of all mono- to
of each compound: 5 to 10 ng. Peaks: 15a-BHC, 25g-BHC,

octachlorinated dibenzo-p-dioxins in a single run is a 35d-BHC, 45heptachlor, 552,49-DDE, 65dieldrin, 752,49-
promising feature of this column. DDD, 854,49-DDD, 954,49-DDT, 105methoxychlor.

Polychlorinated pesticides have been extensively
used worldwide and are now recognized as major
environmental pollutants. Their analysis in environ- and can provide isomer specific separations based on
mental samples can be performed using capillary the structures of the compounds.
columns in GC. However, the capillary columns with
traditional stationary phases, such as dimethyl (5%
phenyl)polysiloxane or dimethyl (50% phenyl) poly-

4. Conclusions
siloxane, are not adequate to resolve various iso-
meric pesticides. Comparison of elution order of a

A new SCLCP stationary phase containing 2,6-
laboratory mixture of pesticides on ICB-5 and LC-50

disubstituted naphthalene shows high thermal stabili-
columns is shown in Fig. 5. It is interesting to note

ty when used as a stationary phase in capillary GC.
that heptachlor, eluting as the 4th peak on ICB-5

Reproducible columns can be made from the new
column, elutes as the second peak on liquid crystal

stationary phase, which show high efficiency, ther-
column. The elution order for BHC (benzene hexa-

mal stability and selectivity for the separation of
chloride) isomers has been changed on the liquid

isomeric compounds. The new column can be used
crystal column. Also, the change in elution order of

in GC and GC–MS for the separation and analysis of
4,49-DDD and 4,4-DDT on liquid crystal columns

isomeric polychlorinated dibenzo-p-dioxins, PAHs
can be explained based on their structural differ-

and pesticides.
ences. Also, it should be noticed that in addition to
the separation based on structural differences, better
separations are observed on a 20 m long liquid
crystal column compared to a 30 m ICB-5 column. Acknowledgements
This indicates that liquid crystal columns can be used
for fast analysis of complicated pesticide samples, The authors express their thanks to the National
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