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ABSTRACT 

We separated 37 aromatic compounds, including twelve groups of positional isomers, on two new types of crown ether 
polysiloxane, di(tert.-butylbenzo)-propyl-lS-crown-S polysiloxane (PSO-DTB-3-1SCS) and dibenzopropyl-15crown-S polysiloxane 
(PSO-DB-3-1SCS). It is shown that when these new crown ethers polysiloxanes are used as stationary phases in capillary column 
gas chromatography they possess excellent chromatographic properties and are unique in the separation of some polar aromatic 
positional isomers, especially phenols and nitro compounds. The mechanism and retention are discussed by measuring various 
thermodynamic parameters: the enthalpy of solution, AH, the entropy of solution, AS, the free energy of solution, AG, and 
differences in AH [A(AH)] and AS [A(As)]. The results were compared with those obtained on OV-1701 and PEG 20M GC 
columns. 

INTRODUCTION 

It is well known that crown ethers are useful 
chromatographic stationary phases because of 
their high chemical stability and good selectivity 
[l-4] resulting from the cavity structure and the 
strong electronegative effect of heteroatoms on 
the crown ether ring. The polymeric crown ether 
stationary phases (PCSPs) are superior to small 
molecule crown ethers, because the latter have 
poor thermal stability and are associated with 
poor column efficiency, coating difficulty and 
column bleeding at high temperature, while the 
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former may alleviate some of these problems. In 
recent years, many polymeric crown ethers have 
been used in GC, and their chromatographic 
properties have been studied [5-lo]. 

We coated fused-silica capillaries with two new 
types of crown ether and demonstrated excellent 
chromatographic properties, such as a wide 
range of operating temperature, high column 
efficiency, good thermal stability and unique 
selectivity in the separation of some polar aro- 
matic positional isomers, especially phenols and 
nitro compounds. In order to study the retention 
and separation mechanism of these PCSPs, 
thermodynamic parameters of solution, the en- 
thalpy of solution (AH), the entropy of solution 
(AS), the free energy of solution (AG) and the 
differences in AH [A(AH)] and AS [A(AS)] were 
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PSO-DTB-3-I 542s 

Fig. 1. Structures of the crown ether polysiloxanes used in this study. 

measured. The last two parameters are indepen- 
dent of column temperature: A(AH) and A(AS) 
reflect the forces of interaction and the goodness 
of fit of solute molecules within the cavity of the 
crown ether. Thirty-seven aromatic compounds 
can be separated on these two new PCSPs 
between 90 and 240°C. 

Theoretical 
Two well-known equations can be applied. 

First: 

-AH 1 AS 
In k’ =R’- T+y-ln/3 

The slope AH/R and the intercept (AS/R - In p) 
of the graph of In k’ against l/T were calculated 
by the least-squares method from at least five 
measurements within the temperature range 90- 
240°C. Solution enthalpy, AH, is the measure of 
the forces of interaction between solute mole- 
cules and stationary phase; solution entropy, AS, 
reveals the degree of mixing of the solute mole- 
cules and stationary phase. Second: 

In ff = 
-(AH, - AH2) + AS, - AS, 

RT R 

= -NW + WW 
RT R (2) 

Here the difference in the enthalpy of solution, 
A(AH), and the difference in the entropy of 
solution, A(AS), were calculated by the least- 
squares method, as in eqn. 1. 

EXPERIMENTAL 

Instrumentation 
An SC-7 gas chromatograph (Sichuan Ana- 

lytical Apparatus Plants, Sichuan, China) 
equipped with a capillary split injection system 
and a flame ionization detector was used. 

Gas chromatographic procedure 
PSO-DTB-3-15C5 and PSO-DB-3-15C5 were 

prepared by hydrosilylation as previously de- 
scribed [2]. Their structures are shown in Fig. 1 
and their chromatographic properties are listed 
in Table I. 

The carrier gas was nitrogen at a linear ve- 
locity of 12-15 cm/s. The injector temperature 
was maintained at 250-280°C and the detector 
temperature was held at 280°C. A split ratio of 
1OO:l was used throughout. The retention time 
(tR) of all aromatic compounds and the separa- 
tion factor (a) of all isomeric pairs were mea- 
sured at 10°C intervals in the temperature range 

TABLE I 

CHROMATOGRAPHIC PROPERTIES OF THE CROWN ETHER POLYSILOXANES USED IN THIS STUDY 

Stationary phase Column No. Column dimensions: 
length (m) x 
I.D. (mm) 

Column 
efficiency 
(plates/m) 

Capacity 
factor (k’) 

Peak 
asymmetry 

PSO-DTB-3-15C5 1 9 x 0.25 4500 3.63 1.05 
2 14.5 x 0.25 4590 5.01 1.03 

PSO-DB-3-15C5 1 14 x 0.25 4443 3.8 1.05 
2 14.5 x 0.25 5206 4.98 1.01 
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90-240°C and at least five data points were 
obtained for each compound. Correlation co- 
efficients of In k’ versus l/T plots were higher 
than 0.99. Solution free energy (AG) values at 
373K were calculated. 

RESULTS AND DISCUSSION 

two new PCSP columns, while their AG values 
are smaller than those on OV-1701 and poly- 
ethylene glycol (PEG) 20M; hence, the two new 
PCSP columns produce smaller retention times 
for the same compounds than PEG-20M. The 
range of AG values on PSO-DB-3-1X5 is larger 
than on PSO-DTB-3-15C5, resulting in better 
separation of the isomers on PSO-DB-3-15C5. 

Table II shows that the size of the AG values 
agrees with the retention order of isomers. 
Aromatic compounds are well separated on the 

Table II also shows that 3,4-DNT and 2,3- 
DNP are well separated on the two new PCSP 
columns, but they cannot be separated on OV- 

TABLE III 

THE VALUES OF A(AH) AND A(A5) ON PCSPs, OV-1701 AND PEG-20M 

Units: A(AH) = kJ/mol; A(AS) = J/mol/K. 

PSO-DTB-3-15C5 

AW) A(AS) 

PSO-DB-3-15C5 ov-1701 PEG-20M 

A(AH) AW) A(AH) A(AS) A(AH) A(AS) 

Dichlorobenzene 

Cresol 

Nitrochloro- 
benzene 

Dinitrobenzene 

Methyl- 
naphthalene 

Quindine 

Anthacene 
phenanthrene 

Nitrotoluene 

Dinitrotoluene 

Phenyl 
dihydroxide 

Decahydro- 
naphthalene 

Diphenylbenzene 

alp 
mlp 

ml0 

Plo 

plm 

o/m 

ml0 

Plo 

ff IP 

isoln 

phlan 

plm 
olm 

-0.3524" 
-1.093 

0.1379” 
-0.9212 

-0.8089 
-1.971” 

-0.8230 
-2.591“ 

2,3/3,4 -2.614" 
2,6/3/t -16.69 
2,5/3,4 -19.63 
2,4/3,4 -19.68 
3,5/3,4 -20.74 

-3.203” -4.294 -6.537 
-22.65 -17.27 -22.41 
-26.93 -19.52 -24.87 
-24.80 -21.08 -26.01 
-26.60 -21.55 -26.43 

Plo -5.160 -6.934 -7.597 -10.29 
ml0 -8.251 -12.10 -9.262 -12.61 

cis -1.304 -0.8846 -0.3097 1.904 

tram 

ml0 

Plo 

0.2314” 1.116” -1.309 (plm) -2.572 (plm) 
-0.9727 -0.167 -2.158 (olm) -2.634 (o/m) 

-2.327 -3.552 -1.784 (plo) -1.985 (plo) 
2.641 -3.961 -1.664 (mlo) -1.299 (mlo) 

-0.2148” 0.4110” -0.7481 -0.6963 

-0.8267 -0.3654 -1.845 

-1.778 -3.168 -1.346 
-0.5057' 0.8572" -2.323 

-1.625 -2.635 -0.5729” 

0.1784" 

-0.3649 

-7.560 -6.242 -0.471” 
-7.119 -3.732 -0.8229” 

1.299” -1.260 -1.680 0.682 -0.436 0.944 -1.047 

-0.4322 -0.2142 

(anlph) 

-0.193 

(anjph) 

-2.074 

-2.192 
-2.295 

0.09677“ 

11.04 
11.33” 

-1.561 2.1656 -1.819 1.330 
0.120 -0.576 

0.071 0.339 0.920 -0.915 

1.100 -0.887 2.513 2.629 

0.820 -0.770 0.509 -0.651 
2.327 -1.887 5.144 -6.398 

0.481 -0.39 0.584 -0.259 

’ The correlation coefficient is less than 0.6. 



358 L. Li et al. I .I. Chromatogr. A 653 (1993) 354-358 

1701 and PEG 20M. o-Cresol and p-cresol can- 
not be separated on OV-1701 but are separated 
on PEG 20M. They can be even better resolved 
on the two new PCSPs. 

diphenylbenzene and p/o-diphenylbenzene on 
PSO-DB-3-15C5. 

The retention of solute on the PCSPs depends 
mainly on hydrogen bonds formed by the high 
electron cloud density on the crown ether ring, 
the fit of the solute molecules within the crown 
ether cavity and dipole-dipole interaction be- 
tween isomeric analytes and PCSPs. Both AH 
and AS contribute to the retention order of 
positional isomers. The AS values on the two 
new PCSPs show small differences, and all are 
larger, more than 40-80 J/mole K larger, than 
on OV-1701 and PEG 20M columns and 20-40 
J/mol - K larger than on PSOB-3-18C6 [ll]. This 
shows that the steric hindrance due to the crown 
ether moiety is greater. From Table II we known 
that the AH values of positional isomers, which 
do not form hydrogen bonds, are similar, while 
the AH values of cresol isomers, which can form 
hydrogen bonds with PCSPs and PEG-20M, give 
values which are about 10 kJ/mol higher than on 
ov-1701. 

The graphs of In k’ against 1 /T on the PCSPs 
clearly show that the separation efficiency of 
aromatic compounds on PSO-DB-3-15C5 is bet- 
ter than on PSO-DTB-15C5. The optimum tem- 
perature range is 200-210°C at which tempera- 
tures seventeen aromatic compounds can be 
separated. If two compounds have a point of 
intersection, this indicates that these two com- 
pounds cannot be separated at this temperature. 
There are many points of intersection in the 
temperature range 130-170°C. 

CONCLUSIONS 

From Table III, the A(AH) values of all 
isomers are larger than on the OV-1701 column, 
hence the PCSPs are more effective for the 
separation of isomers. Most A(AH) values on 
PSO-DB-3-1X5 are higher than for the same 
compounds on PSO-DTB-3-15C5. 

Two new PCSPs exhibit good chromatographic 
properties and high selectivity for aromatic com- 
pounds. Solution thermodynamic parameters 
show that hydrogen bonding forces and dipole 
forces caused by the high electron density of the 
crown ether ring are the main cause of the 
separation. Both AH and AS contribute to the 
retention order of positional isomers. 
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