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I INTRODUCTION 

Polysiloxanes are currently the materials most commonly used as stationary 
phases in gas chromatography (GC). According to the data of Haken’J, extracted 
from literature sources, the proportion of polysiloxanes among all stationary phases 
increased from 40 to 60% between 1969 and 1977, and there has been a further 
increase since then3. 

In the past lists of preferred stationary phases have been published, and in one 
report four out of the six listed are polysiloxanes 4. These materials ideally meet the 
major requirements imposed on stationary phases, as they are chemically inert and 
cover almost the entire range of chromatographic polarity when appropriate sub- 
stituents are introduced. 

In the Soviet Union, a wide range of polysiloxane gums5*6 and flmds ‘T* has 
been produced. Many of them have been recommended for use as stationary phases 
in gas chromatography, although in recent years, in keeping with the worldwide trend 
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TABLE 1 

PHYSICAL CHARACTERISTICS OF POLYSILOXANE STATIONARY PHASES 

Statronary Subst1tuents Mm* 
phase . 1om3 

MWD6 

&iw lo-” AT” 10-S &IM 

PMS-100 
PMS- 1000 
PMS-1 . lo5 
PMS-I lo6 
SKTN 
SKT 
SKTV 

SKTE type A 

VKZh-94 
PES-V-2 
PES-S- 1 

(132-24) 
PES-S-2 

(132-25) 
PES-5 
SKTFV-803 

FM 13221300 
(133-158) 

FM-6 

SK-ITS 

Lest0s11 

SKTA- 1 
DFOK 
Copolymer-2 
Copolymer 2/300 
Copolymer-3 
PFMS-2 
PFMS-4 

PFMS-5 
(133-165) 

SKTF-100 
PFMC-6 

(133-57) 
KhS-2- 1 
Khs-2-IVV 

(162-170W) 
SF 
FS-169 

(161-56) 
FS-169/300 

(161-89) 

Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl 
Methyl, 

0 04% vmyl 
Methyl, 

8% ethyl 
Ethyl 
Ethyl 
Ethyl 

Ethyl 

Ethyl 
4% Phenyl, 

0 15% vmyl 
Low phenyl 

content 
Low phenyl 

content 
Methyl, 

phenyl 
Methyl, 

phenyl 
See text 
See text 
< 50% Phenyl 
< 50% Phenyl 
< 50% Phenyl 
50% Phenyl 
50% Phenyl 

(35% eff) 
Phenyl 

(48% eff.) 
50% Phenyl 
Phenyl 

(58% eff.) 
Chlorophenyl 
Chlorophenyl 

See text 
Tnfluoropropyl 

(115% eff) 
Tnfluoropropyl 

(11 5% eff.) 

35-46 
64-10 
34-38 

220 
7 5-75 
6OCk900 
60+900 

75-750 

08 

80 44 1 84 

870 360 2.42 
600 240 2 50 

0.92 0 88 1.05 

2.0 15 1.33 

1 Cl75 
I50-400 

1624 

30 

460 200 2.30 

40&2000 
200-1000 
0.7-O 8 
1.2-1 6 
2 7-3.2 
06a7 
12-1.5 

1 I-l 3 

14&680 
1.3-1.6 

1.52 5 
28 

2.1 14 1.50 

1.7 13 1.29 

190 I10 1 78 

10 0.9 111 

3.1 20 I.55 

16 

3.2 34 2.8 1.21 



SOVIET POLYSILOXANE STATIONARY PHASES FOR GC 3 

0 97 
0 98 
0 98 
0.98 
0.975 
0.975 
0 975 

0 975 

0.949 

1*00.5 

1 f 0.05 

If002 
0 975 

IOOf 10 
lOoof 100 
1 lOSf1 I 104 
1 106 
Gum 
Gum 
Gum 

Gum 

40-52 
40-52 

2lIX315 

180-305 

20&500 
Gum 

1 405 
1 406 
1406 
1406 
1410 
1.410 
1.410 

1415 

1.446 
1446 
1446 

1.446 

1448 
I 430 

105-I 06 6&90 

10 957 50 I 428 

Gum 

Gum 

1.09 Gum 
1.04fO 01 35 
107f0.01 160-220 
1 0710.01 220-400 
102 20-30 
1 10 60&1000 
>112 1000 

1 525 
1 496 

1 13 

1 15 
1 03 

1.03-I 04 

Gum 

45,/l 50°C 

4&47 

7&85 

1 497 
1 540 
1 557 

1.555 

1 585 

1430 

1442 

1085-l 107 45-60 

5&70 

1.391 

11 1 392- 
1 398 

Viscosrty, 
cs. 20’ 

Cubrc Vapor pressure, mm Hg 
expansron 
coeficrent, 200°C 25D”c 3oo’c 

103 deg-’ 
at 100°C 

0.96 
0.95 
0.95 

0.73 

0 90 

0 82 

0.72 
0 58 

18.0 340 574 

47 13.7 33.1 
10 106 46 3 
10 41 12.5 
2.2 11 7 45.0 

0.61 44.10-I 25 100 
0.84 92. lO-2 2.2 10-1 4.5 

0 90 35 10-S 5 8 . 1O-2 5.9 10-l 

0 94 

22 79 

03 

0.5 30 13.5 
174 36 3 661 

87 21.4 45.7 

156 21.5 27 9 

17 1 lo-* 7 10-Z 02 

2 7. lo-’ 9.2 IO-’ 2.5 

22 
10 

(Contmued on p 4) 
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TABLE 1 (contowed) 
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Statronary 

phase 

Substltuents Md* MWD6 

1om3 
IT.& 10-S Aif* 10-j MWIM, 

SKTFT-25 

FS-328 

(161-48) 
SKTFT-50 

SKTFT-50X 

FS-16 
(161-90) 

SKTFT-75 

SKTFT-100 

NFS-100 

FS-303 
(161-126) 

NPS-25 
NPS-50 
NPS-100 
NSKT-25 
NSKT-33 
NSKT-50 
NSKT-100 
y-NSKT-100 

12 5% tnfluoro- 

ProPYl 
Tnfluoropropyl 

(15.5% eff) 
25% tnfluoro- 

propyl 
25% tnfluoro- 

propyl 
Tnfluoropropyl 1 

(28% eff ) 
37 5% trifluoro- 

propyl 
50% trifluoro- 

propyl 
50% tnfluoro- 

propyl 
Tnfluoropropyl 

(62% eff ) 
12.5% cyanoethyl 
25% cyanoethyl 
50% cyanoethyl 
12 5 % cyanoethyl 
16 5% cyanoethyl 
25% cyanoethyl 
50% cyanoethyl 
50% cyanopropyl 

95475 

2-3 

1 l-58 

115-575 

1 

270-675 

300-Z300** 300-900* 20&370** 1.82-3 25 

15-78 

24-27 29 23 127 

15 
1.2 

1.3 
83-830 
87-870 
93-930 

113-1130 
127-1270 

2.3 14 1.58 

l The values of M,,, for flmds charactenze a, and were taken from refs 7-10 and 19 The values 
of M,,, for gums characterize il;r, and were calculated from the degree of polymerlzatlon (see refs 23 and 

37) 
* The MWD data for SKTF-IO0 were taken from ref 100 

to reduce the number of stationary phases, many Soviet chromatographers have used 
Western speciality polysiloxanes. 

Soviet polysiloxanes used as stationary phases are reviewed here for several 
reasons. First, modern comprehensive reviews are not available and some conflicting 
and incomplete data have made it difficult to determine suitable alternatives. Soviet 
polysiloxanes have been briefly described in earher Western reviews but are now 
presented here in greater detail. In this work the properties of frequently employed 
materials and some that are now virtually obsolete are included. 

Second, to ensure that the wealth of data that have been published in the Soviet 
literaturelP3 could be used as fully as possible, the analogues produced in the West 
are indicated where available. 

Third, as indicated in earlier reviewslP3, some polysiloxane stationary phases 
developed m the Soviet Union have virtually unknown structures and are not avail- 
able to chromatographers in other countries. 
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8” vlscosli~, 
cs. 20 

nj? Cubzc Vapor pressure, mm Hg 

expansion 

coejkent, 200°C 25o’c 300°C 

Wdeg - 1 

at 100°C 

I 065 

I 1 

Gum 1400 

65-120 

1 15 Gum 

1 39c.b 
1 395 
1 395 

0.98 26 IO-’ 8.2 10-l 2.1 

1 15 Gum 1 395 

1 09 40 1 385 1.07 19 13 0 63.8 

1 240 Gum 1 387 

1 329 Gum I 383 

1 329 Gum 1 383 

1 330 

0 998 
1.05 
1.09 

1000-1500 13818 0 83 66 10-l 24 7.2 

80 
350 
1340 

Gum 
Gum 
Gum 
Gum 
Gum 

I 439 
1 439 
1 4664 

Fourth, a new standardized (alphabetical) nomenclature has been recently 
adopted in the Soviet Union and is used together with the older numerical nomen- 
clature. Both nomenclatures are given m Tables 1 and 2, with the older nomenclature 
m parentheses. 

Fifth, another area of interest is the role of the solid support with regard to 
the properties of stationary phases. The wide use of exclusion chromatography as a 
means for determining the quality of stationary phases and the pattern of the changes 
they undergo in the course of analysis is also included. 

The physical properties of Soviet polysiloxane stationary phases, crittcally se- 
lected from different sources, are listed in Table 1 and their chromatographic char- 
acteristics are given in Table 2. The latter table does not include obsolete materials. 

In view of the steadily improving instrumentation and increasing sensitivity of 
detectors, the literature often contains stringent criteria for the evaluation of the 
quality of stationary phases. The upper temperature limits of the range in which 
stationary phases can be used are given in Table 2. 
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2 DEVELOPMENT OF SOVIET POLYSILOXANE STATIONARY PHASES 

The first reports concerning the use of Soviet polyslloxanes as stationary phases 
were published by Berezkin and co-workers1’*12 and later by Turkeltaub et aI.13. 
The first comparative study of the chromatographlc charactenstlcs of Soviet poly- 
slloxanes was undertaken by Rudenko et al.14, who investigated the properties of the 
methylsiloxane gums SKT and SKTV-1, methyl phenyl polysiloxane fluids and the 
copolymer PFMS-2 and their residues and have showed that the gum SKTV-1 is 
comparable to E-301. In subsequent work, Rudenko and co-workers15~16 exammed 
the chromatographlc charactenstlcs of eight gums containing methyl, phenyl, tri- 
fluoropropyl and nitnle substltuents m comparison with the elastomers SE-30, SE- 
52 and XE-60. Also described for the first time were the tnfluoropropyl derivatives 
SKTFV-803, SKTFT-50 and SKTFT- 100. 

In the preparation of polysiloxane stationary phases, it is necessary to remove 
low-molecular-weight impurities and catalyst residues, by reprecipitation in order to 
enhance their thermal stability. The reprecipitation was conducted by the dropwise 
addition of ethanol-water (85:15) to a 50% solution of the polymer in chloroform, 
ethyl acetate or acetone. The use of a smaller proportion of water resulted in stable 
emulsions. The precipitated polymer was washed twice with 85% ethanol and dried 
in a vacuum desiccator over PZ05 for seven days. The stationary phases were applied 
on to silanized Chromosorb P in an amount of 10%. Rudenko et al. l x1 6 determmed 
the upper temperature limits and the relative polarity (P) accordmg to Rohrschnel- 
derl’ (for a blend of butanol-I, butanol-2, and tert.-butanol) and found that the 
Soviet slloxane gums are equivalent to their foreign analogues in terms of thermal 
stability and separating power. 

Syavtsillo et al. l8 also studied comparatively, prior to the work of Rudenko 
et al.* 5,16, twelve polysiloxane fluids. The study involved two diethyl polysiloxanes, 
three dimethyl polysiloxanes, five methyl phenyl polysiloxanes, including PFMS-2. 
PFMS-4 and PFMS-6, and the fluorosiloxane fluids FS-16 and the FS-169. Some 
physical properties of these phases were determined, and a correlation was established 
between their selectivity and dielectric constants. 

Considerable work was carried out on polysiloxane stationary phases by Lu- 
skina and Turkeltaub l 9, who examined the chromatographic properties of 16 poly- 
siloxane fluids containing methyl. phenyl, trifluoropropyl and cyanoethyl substituents 
and determined their upper temperature hmits, relative polarities (for benzene<y- 
clohexane), separation factors for C 29-C30 n-alkanes and the number of theoretical 
plates. All sorbents with polysiloxanes were first condltioned at 20&4Oo”C in a flow 
of nitrogen for 200-500 h 

In the first Soviet review, Luskina and Turkeltaub20 discussed the results of 
studies of the thermal stability of stationary phases for high-temperature gas chro- 
matography, emphasizing the conditlomng procedure and the methods for determin- 
ing the upper temperature limit. It was indicated that the best way of determining 
this parameter is expenmentatlon under condirions approximating the real operation 
of the chromatographic column, as opposed to thermogravimetric methods, which 
produce widely variant and even conflicting results. The factors responsible for chem- 
ical transformations of the stationary phase in the column (oxidation, decomposition, 
etc.) were discussed, together with procedures for eliminating them 
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Extensive research involving the chromatographic characteristics of polysilox- 
ane gums, including the development of new grades of elastomeric stationary phases, 
was carried out by Yudina, Sakodynskii and co-workers21-31. Some of their work’ 1-23 
involved detailed studies of the properties of most grades of Soviet siloxane gums 
used as high-temperature stationary phases, such as the dimethyl polysiloxane SKT, 
the methyl phenyl polysiloxanes KSTF- 100, SKTA- 1 and DFOK, fluorosiloxanes of 
the SKTFT type and mtrilesiloxanes of the NSKT type. As a result of these experi- 
ments, the structures, basic physical properties, relative polarities, Rohrschneider 
constants32 and upper temperature limits were specified for all these polymers23. The 
properties of the materials examined were compared with those of stationary phases 
manufactured by Ohio Valley and Supelco in the U.S.A. 

Vigdergauz et al. proposed the use of and determmed linear analogues of 
Rohrschneider constants for the fluids PMS-10033 and FS-1634. 

Anvaer and Sakodynskii3 s published a comprehensive hst of stationary phases, 
which covered the chromatographic properties of more than 150 commonly used 
phases, including many Soviet polysiloxanes. A special chapter m Haken’s reviews1s2, 
deals with these materials and Sakodynskii’s review 36 lists the Rohrschneider con- 
stants and upper temperature limits of the new high-temperature polysiloxane phases 
containing carborane and aromatic rings. The properties of some polysiloxane 
gums37 and fluids3s can be found in the catalogues published by Reakhim, the agency 
responsible for sales of chemical reagents m the Soviet Union. All these data, plus 
information on the physical and chromatographic properties of polysiloxane sta- 
tionary phases, included in earlier reviews39-41 and reference books42,43 are included 
m Tables 1 and 2. The Gas Chromatography Handbook written by Kocev and trans- 
lated into Russian from Bulgarian was expanded by Berezkin and Urin, who edited 
the translation, to include mformation on the stationary phases produced in the 
Soviet Union42. 

Rohrschneider’s system, expressing the capacity of stationary phases to be 
involved m various types of intermolecular mteractions, has been evaluated32 and 
was further elaborated by McReynolds4* and has become universally adopted. 

The McReynolds constants for 28 Soviet siloxane stationary phases of different 
structural types were determined for the first time by Itsikson et a1.44. Particular 
attention was paid to the selection of the solid support. The criterion of a support’s 
suitability was coincidence of the retention indices of a standard substance on a 
column with squalane and the McReynolds data 45. The effect of the solid support 
on the retention indices in determinmg McReynolds constants is discussed later in 
this review. 

The McReynolds constants for several phenyl- and fluoroalkyl substituted-si- 
loxanes were determined by other workers30,45,47. Stolyarov and Kartseva4’ com- 
pared the polarities of various stationary phases, including SE-30, SKT, SKTFT-50, 
PFMS4, Dexsil 400 GC and Silbor-1, using both the Rohrschneider-McReynolds 
system and a method based on the thermodynamic characteristics of solution48. 
Table 3 lists the differential molar free energies of solution (- AG) calculated by the 
above workers in accordance with the latter method4* for siloxane stationary phases. 
The McReynolds constants determined by Stolyarov and Kartseva47 are included in 
Table 2. According to Stolyarov and Kartseva 47, the method for determining the 
polarity and selectivity of stationary phases, based on thermodynamic characteristics, 
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yields more information than the Rohrschneider-McReynolds system and permits a 
more reliable prediction of retention indices on various stationary phases. 

As was shown in other work 4g the procedure commonly adopted for deter- , 
mining the content of polar substituents in polysiloxanes from the structure of the 
elementary link is applicable only to gums. With fluids, the actual content of the 
substituents is usually lower and depends on the molecular weight owing to the con- 
tribution of the terminal (usually methyl) groups. 

Some polysiloxane stationary phases produced in the U.S.S.R. have been m- 
eluded in lists of materials recommended for use m gas chromatography. These lists 
have been compiled taking account of the relative polarities50 and linear analogues 
of the Rohrschneider constants34 and McReynolds constant? 1,5 2. Fridman and Vig- 
dergauz50ss3 evaluated the sorptive capacity of the liquids PMS-100, PMS-500, 
PFMS-4, NPS-50 and NPS-100 with respect to hydrocarbons, esters, ketones and 
alcohols. It has been shown that stationary phases of medium polarity (relative po- 
larity P = 30-60%), which are characterized by a high sorptive capacity with respect 
to any class of substance examined, are the most suitable for preparative chromato- 

graphy. 
Malakhov et aLs4 examined the suitability of the siloxanes PFMS-4, PMS-100, 

SKTFT-50 and SKTFV-803 for gas chromatography-mass spectrometry. Kanchen- 
ko et al. 5 5 reported values of the coefficients of cubic expansion of some polysiloxane 
fluids, necessary for determining the volume of stationary phase in the column at 
elevated temperatures. In view of the importance of this coefficient, we have included 
in Table 1 values taken from different sources?- lo. Studies of the thermal stability of 
polysiloxanes by thermal analysis have been reported in a number of papers. Ther- 
mogravimetry, differential thermogravimetry and differential thermal analysis have 
been used to determine the upper temperature limits of 36 stationary phases, includ- 
ing FS-16 and PFMS-456. The values obtained (120 and 25OC) are about 30°C below 
the commonly assessed values, probably because the materials had not been condi- 
tioned in advance. Further, as has been mentioned la these methods often yield re- 
sults that are at variance with chromatographic praciice. 

Luk’yanova et al 57 and Rudenko et a1.‘5p16 demonstrated, m thermogravi- 
metric experiments, that the removal of catalyst residues from methyl phenyl poly- 
siloxane fluids slows their decomposition at temperatures ranging from 350 to 

TABLE 3 

DETERMINATION OF THE POLARITY OF POLYSILOXANE STATIONARY PHASES FROM 
THE VALUE OF -dG 

Statronary -AGx2 -AG, jcaljmolej 
phase ical!mole) 

Benzene Butanol-1 Pentanone-2 Nztropropane Pyrldine 

SE-30 452 2526 2432 2544 2757 2856 
SKT 466 2482 2370 2487 2697 2822 
SKTFT-50 439 2531 2563 3011 3380 3174 

PFMS-4 492 2736 2632 2825 3303 3347 
Dexsll-400 498 2743 2673 2888 3241 3266 
Sdbor- 1 477 2704 49.52 2918 3390 3583 
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4OO”C55. A study of the chlorophenylsiloxane KhS-2-1 was described by Voznesen- 
skaya et aE.58. 

The thermal decomposition of polysiloxanes in an inert gas or vacuum has 
been studied by different workers59-66 Volchmskaya et aZ.59 compared the thermal 
stabilities of methyl- and ethylsiloxane fluids in argon. Other groups have studied the 
thermal decomposition of dimethyl polysiloxanes60,61, methyl phenyl polysilox- 
anes62*63, methyl trifluoropropyi polysiioxanes 64, dimethyl (methyl dichlorophenyl) 
polysiloxanes65 and phenyl metal polysiloxanes contaming Mn, Co, Ni, Cu and Zn, 
in comparison with pure phenyl polysiloxane 66. The processes of thermal and ther- 
mo-oxidative decomposition of polysiloxanes were detailed by Kharitonov and Os- 
trovsky6’. 

The common purpose of all of the above work was to define the areas of 
application of the materials under consideration. However, the results are also valu- 
able in that they provide experimentally substantiated upper temperature limits, 
which are usually determined empirically. A knowledge of the thermal oxidative 
pattern of polysiloxanes permits the prediction of the service life of a chromatograph- 
ic column as a function of its temperature and the oxygen content of the carrier gas. 
Some of the results reported in the above work have been used m analysmg the 
properties of individual groups of polysiloxane stationary phases. 

Itsikson and Moskaleva6” used size exclusion chromatography to determine 
the molecular weight distribution (MWD) of about 30 siloxane stationary phases 
produced in the Soviet Union and elsewhere. Many materials were found to contam 
low-molecular-weight impurities, particularly the initial cyclic tetramers. Ainshtein 
et a1.69 described a GC technique for determining cyclic trimers and tetramers in 
methyl phenyl polysiloxane rubbers. Itsikson et al. ‘O found that, during conditioning 
of the stationary phase m the column and also during its use near its temperature 
limits, the moClcular weight of polysiloxane fluids increased with slight changes in 
their MWD and polarity. Andrianov et aE.7’ demonstrated the applicability of uni- 
versal calibration accordmg to Benoit et aE. 7z for the determination of the MWD of 
dimethyl polysiloxanes and methyl phenyl polysiloxanes by size exclusion chromato- 

graphy. 
A number of methods have been developed for determinmg various substit- 

uents in the polysiloxane chain by reaction or pyrolysis gas chromatography. These 
methods have been used to determine vinyl groups73-7 5, alkoxy groups76, methyl 
groups of the (CHs)s-SO0 5-r (CH&SiO- and CH3-SiOO 5- types77, ethyl and 
phenyl groupsT8, ethyl methyl, tnfluoropropyl and diphenyloxy groups79 and alkyl 
and phenyl group combinations 8o,8 l. There are also reports on the analysis of the 
structural link ratio in methyl phenyl polysiloxanes 82, the content of trifunctional 
links m dimethyl polysiloxanes”3 and the basic principles of the functional analysis 
of organosilicon compoundsB4. The last sublect has been reviewed by Luskina and 
Terent’yevaE5sB6. 

We have omitted work dealing exclusively with analytical applications using 
Soviet-produced siloxane stationary phases, as their application in the analysis of 
organosihcon compounds was treated in a definitive report by Shatz et aLa and a 
similar application in the analysis of terpenes was reported by Bardyshev et al.88. 
Much mformation about the use of Soviet siloxanes for the analysis of unstable and 
reactive compounds can be found in a book by Ivanova and Frangulyana9. The areas 
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of application of polysiloxane stationary phases are well known to specialists, and 
they can be clearly defined in terms of the phase structure and McReynolds or 
Rohrschneider constants The examples given in this review are taken primarily from 
the first publications on a particular phase. The following sections deal with individ- 
ual types of polysiloxane stationary phases. 

3 ALKYL-SUBSTITUTED POLYSILOXANES 

This group of stationary phases include siloxanes with methyl, vinyl and ethyl 
substituents. The most widely used dimethyl polysiloxane stationary phases in the 
Soviet Union include the gum SKT and the fluid PMS-100. In its structure and 
chromatographic characteristics, SKT is similar to the well known stationary phase 
SE-30. SKTN is a low-molecular-weight product with the same structure that has 
seldom been used as a stationary phase. 

According to Rudenko et a1.14, SKT gum has an inferior thermal stability to 
SKTV-1. We believe that their conclusion was the result of using a poor quality 
sample: comparison of the MWDs of the gums SKT, SKTV and SE-3068 and ex- 
perience with using this material suggest that all these gums are equivalent in terms 
of thermal stability and, after reprecipitation, SKT is virtually interchangeable with 
the specialty gum SE-30 GC. 

The dimethyl vinyl polysiloxane gums SKTV (in ref. 16, this was misprinted 
as SKSV) and SKTV-1 contain 0.4 and 0.18% of vmyl group, respectively, and are 
close to the General Electric Company gum SE-31. The chromatographic character- 
istics of these materials are similar to those of the gums free of vinyl groups’, which 
are frequently used in gas chromatography. 

The PMS fluids are essentially dimethyl polysiloxanes with a linear structure, 
similar to DC-200, produced by Dow Corning (U.S.A.). The numerals following the 
name of the fluid indicate its viscosity, in centistokes, at 20°C. The PMS fluid range 
mcludes more than 40 grades with viscosities varying from 1 to 1.2 . lo6 cS. Their 
properties have been described in detail elsewhere’. The fluid PMS-100 was first 
proposed for use in gas chromatography by Syavtsillo et al. l 8. Its upper temperature 
lirmt is 250°C but, after proper conditioning, this and many other polysiloxane fluids 
can be used at higher temperatures. For example, Turkeltaub and Luskinago analysed 
high-boiling organosihcon compounds on PMS-100 at temperatures of up to 340°C. 
The physical properties of some PMS fluids covering a broad range of molecular 
weights are listed in Table 2. 

Fig. I shows chromatograms of some dimethyl polysiloxanes, obtained by an 
exclusion technique68 on a Waters 200 instrument. These indicate that the MWD of 
SKTV gum is close to that of SE-30, but the former contains more high-molecular- 
weight fractions. In terms of MWD, SKT gum occupies an mtermediate position 
between SE-30 and the higher molecular weight gum OV- 1. The polydispersities of 
OV-1, SKT and SKTV are almost the same (2 and 2.5), whereas that of SE-30 is 
slightly lower (1 9). The PMS fluids exhibit a much lower molecular weight and a 
higher polydispersity (1 84) than OV-101 (1.35). 

Polysiloxanes containing longer chain aliphatic substituents include the gum 
SKTE, grade A, containing 8% of diethyl siloxane links and 0.06% of vmyl groups, 
and the diethyl polysiloxane fluids BKZh-94 and PES-1-S. The low content of ethyl 
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Fig 1 Size exclusion chromatograms of dimethyl poiysiloxane stationary phases 1 = OV-1; 2 = SKT, 
3 = SE-30; 4 = SKTV-1, 5 = OV-101; 6 = PMS-100 

groups m SKTE gum (8%) does not stgnificantly affect its polanty, and its use as a 
stationary phase offers virtually no advantages over SKT and SKTV. Complete re- 
placement of methyl by ethyl groups in the polysiloxane molecule substantially re- 
duces the polanty of the stationary phase 

Determination of the McReynolds constants 44 has shown that the diethyl si- 
loxanes BKZh-94 and PES-S-1 have almost the same polarity as the reference hy- 
drocarbon (Cs7H1& developed by Kovats and hydrogenated Aprezon M (MH)gl 
and are less polar than dimethyl siloxanes and Apiezon L. The sums of the first five 
McReynolds constants for dlethyf siloxane stationary phases, hydrocarbon C87H176, 
Aptezon MH, SE-30 and Aprezon L are 86-87, 71, 82, 217 and 143, respectively. The 
fluid BKZh-94 was first used by Turkeltaub et al. g2 to separate a mixture of SiC14, 
COC12, HCl and Clz and was widely employed in early work. The main drawback 
of this popular fluid IS its low upper temperature limit of 140-150°C. 

The maximum workmg temperature of a stationary phase is determined pri- 
marily by two parameters. thermal stability and vapour pressure at the limiting tem- 
perature. 

Volchinskaya et al.59 showed that the thermal stability of diethyl polysiloxanes 
is higher than that of dimethyl and dimethyl phenyl polysiloxanes The decrease in 
viscosity at 100°C after exposure for 100 h in argon at 350°C was 12% for PMS-100, 
17% for PFMS and only 5% for PES. When the temperature was increased to 375 
and 400°C under the same conditions, the viscositres of the two ethyl-substituted 
polyslloxanes decreased by 18 and 20%, respectively. 

The vapour pressure of polysiloxane thuds of the same structure decreases 
inversely with the molecular weight and directly with the content of low-volatility 
oligomers. Therefore, it would be appropriate at this juncture to consider the prop- 
erties of some diethyl polysiloxane fluids produced m the U.S.S.R.6 and not used 
previously m gas chromatography The highest molecular weights are exhibited by 
PES-5 and PES-S-1 and the lowest vapour pressure (10-6-10-8 mmHg at 20°C) by 
PES-V-2, which is an improved version of the fluid BKZh-94, free of low-molecu- 
lar-weight oligomers. Comparison of its physical properties with those of the dimeth- 
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yl polysiloxane PMS-100 (upper temperature limit 250°C) indicates that the upper 
temperature limit of these fluids, after conditionmg, will be at least 220-250°C. Hence 
these materials may be regarded as promising for use as “zero’‘-polarity stationary 
phases. 

4 PHENYL-SUBSTITUTED POLYSILOXANES 

This group of stationary phases is available m the largest number of grades. 
Soviet industry produces a broad range of methyl phenyl polysiloxane fluids with 
linear, branched and cyclic structures” and various grades of gums containing phenyl 
groups. 

The gum SKTFV-803, first studied by Rudenko et ~1.‘~ and subsequently fre- 
quently used in chromatography, contams 4% phenyl substitution and 0.15% vinyl 
substitution, and is thus similar in composition to the gum SE-54. The gum SKTF- 
100 (50% phenyl substitution) is similar m structure to OV- 17 but has a much higher 
molecular weight 

It has been reported that the introduction of phenylene groups into the main 
chain increases the thermal stability of polyslloxanes by 60-100”C41 Of particular 
interest are the stationary phases proposed for chromatography by Yudina et al.26, 
namely the gums SKTA and DFOK, which contain propylene or dlphenyl oxide 
groups in the main chain. The liquid phase SKTA-1 has the general formula 

HO 

where n = 1000-5000 and DFOK has the formula 

HO- 4 H 

where n = 100&5000. 
The first reports on the use of DFOK were pubhshed by Yuzhelevsky et al.g3 

(in the separation of stereoisomers of methylphenyl dimethyl cyclosiloxanes) and 
Yudina and Voronkma94 (in the analysis of a repellent mixture). The application of 
SKTA gum in high-temperature preparative chromatography has been described24. 
As regards polarity, SKTA-I and DFOK occupy an intermediate position between 
OV-7 and OV-11 and are characterized by good selectlvlty and high upper temper- 
ature limits (350-4OO”C). Similar materials having the general formula 

CH3 

HO L/ S,---AA~- 5,OLH 

I 
i j 

C% CH31, 
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where Ar = CsH4 or C6H40C6H4, were recommended by Sivtsova et uI.~~, but they 
have not yet found much use. 

Also proposed as high-temperature stationary phases are polysiloxanes with 
siloxarophenanthrene groups in the side-cham2’, named SAF36, and cyclolinear s~lox- 
anes28 of the general formula 

where n = 3-20 and m = 10-100. 
Prokopenko et al. 46 determined McReynolds constants for the phenyl-substi- 

tuted gums SKTTs and Lestosil, but no data on their structure or thermal stability 
are available. 

The chromatographic characteristics of methyl phenyl polysiloxane fluids have 
been studied by many workers’0,44,*0. The most commonly used is the fluid 
PFMS-4l l,l 2, whose analogue is DC-7 10 and PFMS-6 with triphenyl terminal groups 
and the general formula 

The fluid PFMS-4 was introduced mto chromatography by Berezkin and co-work- 
ers’ l,i2 and Turkeltaub et al. I3 PFMS-6 and some other methyl phenyl polysiloxane . 
fluids have been used by Turkeltaub et al. g6 for separating phenylchlorosilanes. 

In earher work, Itsikson and Snegirev49 proposed the determination of the 
effective content of polar groups in phenyl- and rrifluoropropyl-substituted polysi- 
loxanes, thus permitting an objective comparison of the chromatographic polarities 
of various materials. 

Table 4 lists comparative contents of phenyl substituents in some methyl phen- 
yl polysiloxanes, the comparison being in terms of the elementary link structure and 
based on the method described earlier 49. It IS evident that the effective contents of 
the phenyl substituents in the polysiloxanes OV-11, PFMS-4 and DC-710 are vir- 
tually the same. The McReynolds constants for these stationary phases also coincide. 

Fig. 2 shows size exclusron chromatograms of four stationary phases with 
similar structures, containing 50% phenyl substituents in the elementary link. Com- 
parison of the curves indicates that three of the materials (not SP-2250) contain a 
low-molecular-weight impurity identified as a cyclic tetramer4g,6*. The molecular 
weight of the major component of PFMS-4 is lower than that of DC-710, but the 
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TABLE 4 

CONTENT OF PHENYL SUBSTITUENTS IN METHYL PHENYL POLYSILOXANE STATION- 
ARY PHASES 

Phenyl sub- Stationary phase 
stltuent 

content OV-11 PFMS-4 DC-710 OV-17 PFMS-5 OV-22 PFMS-6 OV-25 

As determmed from 35 50 50 50 _ 65 68* 7s 
the elementary hnk 
structure 

As determmed 39 42 66 63 
from NMR data 

Effective content 335 35 36 40 48 55 58 64 
according to ref 49 

l Calculated from the general formula and molecular weight 

latter contains much more of the tetramer. The molecular weights of these stationary 
phases determined by vapour phase osmometry are virtually identical (1500-1600). 
The effective content of phenyl groups m PFMS-6 is 58% (this is less than the true 
content as a result of the steric hindrances that occur during the interaction of the 
sorbates with the triphenylsilyl terminal groups 48 PFMS-6 is very similar to OV-22 
in terms of polarity, although its chemical structure IS entirely different. The fluid 
PFMS-5, whose effective content of phenyi substltuents is 48%, occupies an inter- 
mediate position between OV-17 and OV-22. 

l-SF-2250 

-2 -OV-17 

3-PPh MS-4 

4-DC-710 

Ve , ml 
I I I I I 

10 5 2 
* 

1 0,5 
MO C3 

Fig 2 Chromatograms of methyl phenyl polyslloxane fluIds of sumlar structure I = SP-2250; 2 = 
OV-17, 3 = PFMS-4, 4 = DC-710 
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Fig 3 Chromatograms of methyl phenyl polydoxane stationary phases with a lugh content of phenyl 
groups. 1 = OV-25, 2 = PFMS-5. 3 = PFMS-6 

Fig. 3 shows for comparison size exclusion chromatograms of fluids with high 
phenyl substituent contents, viz., PFMS-5, PFMS-6 and OV-25. The MWDs of the 
first two stationary phases are as expected, whereas OV-2.5 contains a considerable 
amount of low-molecular-weight substances, probably the starting cyclic compounds. 
The molecular weight of OV-25, determined by vapour phase osmometry, is 2100, 
that is, it approaches the value cafcuiated from the chromatogram (1700 after cali- 
bration using polystyrene standards) but IS much lower than the reported value’ 
(10000). An investigation of two different OV-25 samples yielded similar results. 

The upper temperature limit of commercial polystloxane fluids IS lower, in 
general, than that of gums, but after thorough conditioning they are capable of 
withstanding high temperatures . l8 For instance, the PFMS-6 fluids have been used 
for separating oligomers in methyl phenyl polysrioxanes at 32&400”C97. 

5. HALOGEN-SUBSTITUTED POLYSILOXANES 

This group of stationary phases includes chlorophenyl- and trifluoropropyl- 
substituted polysiloxanes. 

Chlorophenyl-substituted siloxane stationary phases have often been used in 
gas chromatography in recent years. Of the chlorophenyl siloxanes produced in the 
USSR’O, the most suitable for use as stationary phases are the fluid KhS-2-1 and a 
similar fluid KhS-2-1VV that contains a smaller amount of lower molecular weight 
oligomers. The siloxane KhS-1 described m an earlier paper9* is a modification of 
KhS-2- 1. 

The McReynolds constants for KhS-2-l are higher than those for Versilube 
F-50 but lower than those for DC-560 and SP-40044 As shown by Haken’J, chlo- 
rophenyl-substituted fluids of the DC-560 type have very similar polarities to the 
gum SE-52, which contains 5% phenyl substituents. The fluid KhS-2-1 is almost 
identical with another material containing the same proportion of phenyl substit- 
uents, DC-510, and then McReynolds constants are an average of 7-8 units below 
those of SE-52. However, the vapor pressure of KhS-2- 1 IS much lower, and its upper 
temperature limit is about 300°C. 
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The range of fluorine-contaming siloxane stationary phases produced in the 
Soviet Union is extremely wade. The chromatographlc properties of fluorine-con- 
taining gums have been studted m detail by Yudina and co-workers21~23~30~gg and 
Rudenko et a1.16 and those of fluorme-contaimng fluids have been investigated by 
Luskma and Turkeltaublg and Itstkson and co-workers44,4g Gums of the SKTFT 
type are linear polymers wtth the general formula 

The numeral followmg the grade of the gum indicates the percentage of methyl tri- 
fluoropropyl siloxane groups. In high-molecular-weight polymers n = 1000-5000 and 
in low-molecular-weight polymers (SKTFT-50 and NFS-100) it IS one order of mag- 
nitude lower. The gum SKTNFT-50 studied m early work16%44,4g seems to have an 
even lower molecular weight. 

The fluorosiloxane gum SKTFT-100 1s similar m polarity to the established 
materials QF-1 and OV-210 but, according to one report30, it has a slightly higher 
upper temperature limit (285°C). The determmatlon of the MWDs of different sam- 
ples of this gum by turbldimetric titratton has been describedlo and the results are 
summarized m Table 1. The other SKTFT gums with a lower content of trifluoro- 
propyl substrtuents are even more thermally stable and have no analogues in the 
WestZ3. The upper temperature limit of these stationary phases 1s 300”C30. A study 
in air at 250430°C of the thermal stability of SKTFT gums contaimng 5, 33 and 
100% of methyl tnfluoropropyl siloxane links showed that substitution of trifluo- 
ropropyl groups for methyl ones at 290°C and above decreases the thermal stability 
of the polymer64. 

The most popular fluorostloxane gum in the USSR is SKTFT-50, which was 
first used by Yudina et al.l”* to separate cyclosrloxanes. This material gives good 
results in capillary columns with an efficiency of 1500 theoretical plates per metre 
wtth respect to chrysene) and in the preparative chromatography of high-boiling 
compoundsz4,’ O3 The separation of poorly chromatographed substances, such as 
alkyl- and oxygen-contaming compounds of germanium, silicon and tin’ O4 and mobi- 
urn and tantalum chlorideslo5, has also been reported. 

In 1980, Yudma et aLzy proposed a htgh-temperature fluorine-containing sta- 
tionary phase, SF, of general formula 

HO 

where m = 0.33-l and n = 2&3000. The properties of SF have been described 
elsewhere30. Its upper temperature hmtt is 320°C The McReynolds constants for 
SKTFT-50 and SF have been determined on columns contaming 5% of stationary 
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phase on a non-sllanized support 3O The constants determined for SKTFT-50 differ 

from those reported by other workers44+46,4’, which were similar to each other. The 

discrepancies are probably due to the effect of the type of support and the low content 
of the stationary phase on the solid support. 

The physical properties of the fluorosiloxane fluids produced in the Soviet 
Union have been described elsewhere 10. In earlier work, primarily FS-16 and FS-169 

were used in preference to other stationary phases of this type. They were first pro- 
posed for gas chromatography by Syavtsillo et al.’ *. 

Studies of the chromatographic characteristics of some fluorosiloxane fluids 
have shown that most of them have simiiar polarities and, in some instances, thermal 
stabilities21344 and have no analogues. As the chemical structures of these materials 
are not known, it 1s most appropriate to compare them in terms of the effective 
content of trifluoropropyl groups*‘, shown in Table 1. 

The fluid FS- 16 (28% effective CH2CH2CF3 groups) has a very similar polarity 
to the gum SKTFT-50, but exhibits a much lower upper temperature limit, and its 
use at present is restricted. Interesting properties are displayed by the fluid FS-303, 
proposed for use by Ainshtein et al. lo6. The effective content of trifluoropropyl sub- 
stituents in FS-303 is much higher than that in QF- 1 (62 and 50%) respectively), and 
the McReynolds constant differences Z-X and Z- Y exceed those of QF-1 and 
OV-210 by 25-30 units. In some instances this may be important, particularly in the 
separation of mixtures contaunng alcohols or carbonyl compounds. The upper tem- 
perature limit of this stationary phase is 200°C. 

AS regards other fluorosiloxane fluids, the most commonly used is FS-169, 
containing 11.5% effective trifluoropropyl substituents and exhibiting a sufficiently 
high thermal stability. A similar fluid, FS-169/300, does not contam lower molecular 
weight oligomers. 

6 CYANOALKYL-SUBSTITUTED POLYSILOXANES 

The NSKT-type gums produced in the Soviet Union have the general formula 

1 @‘x‘; /!hd ! 

H T \;Or yq” 
cl 

where n = 1000-10000 and R = j&cyanoethyl (/I-NSKT) or y-cyanopropyl (y- 
NSKT) In the former instance, the symbol of the substituent type (“/I”) is often 
omitted. The numeral following the grade represents the percentage of the mtrile- 
containing group in the polymer molecule. NSKT gums were first proposed for use 
by Yudina et al.2 5, who used them later as stationary phaseslO’. The gum NSKT-50 
contains 25% of cyanoethyl groups and 1s similar to the widely used material XE- 
60. The other gums have no analogues. 

The fluids NPS-25, NPS-50 and NPS-I00 have the same general formula as 
the NSKT gums but differ from them by having trimethyl silyl termmal groups and 
a lower molecular weight. The chromatographic characteristics of these fluids were 
first described by Luskina and Turkeltaub20, and those of the gums by other work- 
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ers16,21J3. The McReynolds constants for some cyanoalkyl substituted siloxanes 
were determined in early work44 and the MWD was studied later68. 

In terms of structure, the NPS fluids are similar to those of the XF type pro- 
duced by General Electric (U.S.A.). However, then McReynolds constants (especially 
those of NPS-50) are lower than those of the XF type, probably owing to their lower 
molecular weights. Also proposed for use as stationary phases are fluids of the NPS 
type containing aryl substituents in the terminal groupsio8. Their general formula is 

where R is CIC10 alkyl, R’ is aryl, il = O-15 and m = 5-30. 
The thermal stability of the above cyanoalkyl-substituted polysiloxanes is m- 

ferior to that of other types of siloxane stationary phases and does not exceed 230- 
250°C. Of these materials, those most commonly used in chromatography are the 
fluids NPS-50 and NPS-100 and the gum NSKT-50 

7 CARBORANE-SILOXANE STATIONARY PHASES 

Carborane-siloxanes are an important class of stationary phases, their char- 
acteristic feature being high thermal stability. 

In the early 1970s linear m-carborane polysiloxanesio9 of the following type 
were first proposed as stationary phases in gas chromatography. 

where R is Cr-Cs alkyl, R1 1s C-C i0 aryl, m = l-5 and 12 < 50. The commercially 
available compounds of this type, Dexsil-300, -400, and -410, have been widely and 
successfully used m chromatographic practice * lo. Carborane-siloxane stationary 
phases have also been used in the Soviet Union 

Yudina et ~1.~~ developed a carborane-siloxane stationary phase for the GC 
separation of organosihcon and organic compounds. This phase is essentially a high- 
molecular-wetght siloxane polymer with carborane groups in the main chain and has 
the general formula 

where m = 1 (KBS-1), 2 (KBS-2) or 3 (KBS-3), n = 1000 and the molecular weight 
is 105-106. When m = 2 the stationary phase has the form of white crystals and 
when m = 3 tt is a colourless rubber-iike poiymer. The upper temperature limit 
exceeds 500°C. It is recommended that KBS-2 and KBS-3 are coated on to a solid 
support m an amount of 20% (wiw) of the support (Chromaton N-AW). Yudina et 
d3* gave examples illustrating the use of this phase for the chromatographic deter- 
mination of methyl(propylj dimethyl cyclosiloxanes, C12-C24 aromatic ammes, po- 
lyphenyl esters, hexaphenyl cyclotrisiloxane and traces substances m aniline When 
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TABLE 5110 

RETENTION CHARACTERISTICS OF METHYL ESTERS OF AROMATIC ACIDS ON DIFFERENT STA- 

TIONARY PHASES 

Chromatographed 

compound 

Phenetrdyl 
terephtha- 

late 

ov-17 XE-60 KBSN-3F Polybutylene PEG-4OM 
glycol succlnate 

“C I “C I “C I “C I “C I “C I 

Methyl n-toluate 150 380 160 331 160 408 160 339 160 360 
Methyl m-toluate 150 367 - - - - 160 328 160 349 
Dtmethyl terephthalate 205 966 200 724 200 731 160 671 200 842 200 813 
Dimethyl lsophthalate 205 888 200 745 200 761 160 697 200 871 200 836 
Methyl 2-naphthoate 265 1148 205 912 200 915 200 883 200 1044 200 1034 
Tnmethyl trimellate 205 1318 205 1121 200 1271 200 1034 210 1450 220 1380 
DImethyl 2,6-naphtha- 205 1876 205 1377 200 1440 220 1272 210 1708 220 1654 

lene dicarboxylate 

used for the determmation of trace impuriries in aniline, KBS-2 gave better results 
than Dexal-type stationary phases. 

Later, Yudina et aLI*’ proposed another type of carborane-siloxane station- 
ary phase whose composition is given by the formulae 

and 

where n = lo3 and the molecular weight is i05-105. The first of the above two phases 
is usually referred to as KBS-2F and the other as KBS-3F. The upper temperature 
limit is above 450°C. The examples given”’ was the separation of mixtures of iso- 
propyldiphenyl isomers 

Chernyshev and Vigdergauzl l z studied the pattern of the chromatographic 
retentions of methyl esters of aromatic acids on various stationary phases, including 
silicones of the carborane type and their results are presented m Table 5. It can be 
seen that carborane-siloxanes of the KBS type are of low polarity. The Soviet 
carborane-polysiloxane phases of the KBS type for gas chromatography differ from 
the Dexsil-type phases in their much higher molecular weights. This is why the char- 
acteristics of these phases are more sigmficantiy affected by the main rather than the 
terminal groups of carborane-polysiloxanes. The Rohrschneider constants for some 
carborane-siloxane phases are iisted m Tabie 631,1 07-I lo. 

According to Anvaer and Sakodynskii 3 5, the Soviet high-temperature station- 
ary phases KBS-1 and KBS-2 have similar properties to the Dexsil type. The prop- 
erties of these phases are also discussed elsewhere36~109+1 13. 

To separate high-boiling organic compounds, Luskma et al. l l4 also proposed 
a carborane-siloxane stationary phase with the following structure: 
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where R1, Rz and R3 are alkyl-substituted or -unsubstituted aryls, n = 3-24 and m 
= l-8. As shown by Luskina et af.1’5, materials of this type, containing terminal 
trimethylsiloxy, methyldiphenylsiloxy and g-trifluoropropylsiloxy groups, can be 
used as stationary phases in a wide temperature range of from -30 to 400°C and, 
for a short period of time, up to 45&5OO”C. The use of such carborane-siloxane 
stationary phases for the separation of high-boiling organosilicon compounds has 
been described’ l 6,1 l7 

Recently, a new carborane-siloxane stationary phase, Silbor- 1, was report- 
ed”*. This is a viscous, rubber-like fluid readily soluble in toluene, benzene, meth- 
ylene chloride and acetone and almost msensitive to oxygen. The working temper- 
ature range is 2&25O”C, but special heat treatment has made it possible to expand 
this range to up to 350°C. The chromatographic characteristics of Silbor-1 in com- 
parison with some other stationary phases are listed in Tables 7 and 81,45,118. It is 
evident from these tables that the most salient feature of Silbor-1 is its extremely 
high selectivity towards compounds containing a hydroxy group. 

Comparison of all McReynolds constants, except Y, indicates that Silbor-1 is 
similar to Dexsil-410 in terms of polarity. However, as regards the relationship be- 
tween Y and the other constants, this stationary phase should be classified as having 
extremely high selectivity 5 *. 

Silbor- 1 has been used successfully to separate various perfume oils’ l9 and to 
determine aldehydes in higher fatty alcohols and acids 1 **. Some of its characteristics 
have been reported by Loktev and Elinerl* 1 

TABLE 6 

CHARACTERISTICS OF SOME SOVIET CARBORANE-SILOXANE STATIONARY PHASES 

Name Chemrcal type of 
phase, functional 

groups 

Solvent Upper Rohrschnelder constants 
temperature 

llmlt x Y z u s 

i”CI 

KBS-2 Carborane-slloxane, n-Hexane 500 0.55 079 1 14 1.61 1 08 
methyl 

KBS-3 Carborane-slloxane, Benzene 500 0 31 0 79 0.98 1.46 093 
methyl 

KBS-2F Carborane-siloxane, n-Hexane 450 0 80 1 54 1.53 219 158 

methyl, phenyi 
KBS-3F Carborane-slloxane, Benzene 450 0 61 1.40 137 206 1.48 

methyl, dlphenyi 
Dexsll-300 Carborane-slloxane, - 450 0.42 0 84 1.16 1.56 I 27 

methyl 



SOVIET POLYSILOXANE STATIONARY PHASES FOR GC 23 

TABLE 7’18 

CHROMATOGRAPHIC CHARACTERISTICS OF VARIOUS STATIONARY PHASES 

Stationary 

phase 

Workmg 

temperature 
range i’C) 

MeReynolds constants 

x Y Z u S 

Dexsll-300 GC 4&450 42 84 116 156 127 
Dexs&400 GC 30-375 59 114 140 187 173 
Dexsd-410 GC 2&360 85 165 169 242 180 
Silbor- 1 2Ck-350 111 688 175 234 224 
Quadrol O-150 214 571 357 472 489 
Hyprose SP-80 ckl75 336 742 492 639 727 

8 OTHER SILOXANE STATIONARY PHASES 

This section deals briefly with some new srloxanes that differ in structure from 
those types already described, and also some copolymer materials. 

Luskina et aZ.122 proposed mixed siloxanes containing methyl, p-cyanoethyl 
and tnfluoropropyl groups and having the general formula 

where m = &20, n = O-20 and k = l-20. These stationary phases have been found 
to be highly selective for the separation of fluorinated and perfluorinated compounds. 
The maximum column temperature is 235°C. 

The new high-temperature material proposed by Luskina et aLIz is essentially 
a drmethyl polysiloxane containing 2-25% of /?-ethyladamantyl groups. Examples 
reported included the separation of a mixture of srloxanephenanthrene derivatives at 
temperatures programmed to rise to 350°C and the separation of pentaphenyl ether 
derivatijes at 325°C 

TABLE 8’ls 

RETENTION INDICES OF SOME SILANE AND DIPHENYL DERIVATIVES 

Chromatographed Bodrng 

compound pomt i”Cj 

Reten tzon mdex 

Dexsd-300 KBS-2 Sdbor-I 

Diphenyl 254 1497 1488 1638 
m-Chlorodlphenyl - 1616 1613 1788 

p-Chlorodlphenyl 290 1708 1723 1883 
Dlphenyldlethoxysilane 304 1771 1808 1933 
Dlphenylchlorosllane 304 1865 1875 2029 
Dlphenyldlxylenoxysllane 400 3025 3111 3518 

(400°C) (35o’C) 
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Kirichenko et al. l 24 recommend, for the analysis of high-boiling compounds, 
siloxanes with a molecular weight of 1500%2000. contammg metals m the main 
chain and having the general formula 

where Me = Be or Cr. 
Turkeltaub et aI.lz5 prepared a methylsiloxane stationary phase by polymer- 

ization and polycondensatton of dimethyldichiorosilane directly on the surface of a 
solid support. The resulting sorbent was used to separate oligomers of dimethyl 
polysiloxanes with molecular weights of up to 5001z6. 

Yevdokimov and LobkovZz7 obtained a porous sorbent of the Porapak Q type 
by curing a dimethyl polysiloxane gum with a molecular weight of 5 . lo5 under 6oCo 
gamma radiation, followed by heating of the cured product. The resulting porous 
polymer had a specific surface area of 20-50 m*ig, with a size pore ranging from 35 
to 550 A and a thermal stability of 300°C 

In recent years, Vigdergauz and co-workers have published the results of var- 
ious experiments with colloidal sorbents as stationary phases. Interesting results con- 
cermng the chromatography of organometallic compounds on PMS-100-Aeroal col- 
loidal systems were reported in a review by Kirsh et al. l 28. For example, on a column 
with 6% of the PMS-lO&Aerosil (2:3) colloidal system, the temperature of analysis 
of his-arene complexes of chromium couid be iowered from 200 to 150°C compared 
with PMS-100 alonelz9, which is extremely important in the analysis of unstable 
compounds. 

9. EFFECT OF ADSORPTION PHENOMENA ON THE McREYNOLDS CONSTANTS OF STA- 

TIONARY PHASES 

The McReynolds constants45, characterizing the ability of the stationary phase 
to be involved in various types of intermolecular mteractions, are based on the de- 
termination of the retention indices of chemicai compounds of different structures. 
It is known130*131 that retention indices are greatly influenced by the type and batch 
of the solid support. For exampie, Table 9i31 - lists the retention indices of some polar 
compounds on squalane and polyethylene giycoi 400, which shows that on different 
supports the difference between the retention indices of the same substances may be 
as high as 50-100 units. Table 10 133 shows the results of measurements, m five dlf- 
ferent laboratories, of the retention indices of some hydrocarbons and chloroalkanes 
on squalane using different batches of the solid support Chesasorb In this instance, 
the spread of retention indices is large, I e , up to 38 units 

The effect of the solid support on the retention indices of McReynolds test 
compounds was studied earlier44 (Table 11). In other work132, the greatest differ- 
ences were observed with non-silanized supports, especially Chromosorb, although 
the spread of the retention mdices for compounds belonging to the same class (hex- 
anone- and pentanone-2, pentanol- 1 and butanol- 1) was considerably smaller than 
that reported’ 3 * and did not exceed 16 units. 

The data suggest that it is necessary to take mto account the adsorption of the 
sample compounds if the retention vaiues corresponding only to their dissolution in 
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TABLE 1O’33 

INTER-LABORATORY MEASUREMENTS OF RETENTION INDICES 

Column, 200 x 0 3 cm, 6% squalane on Chesasorb, temperature, 7O’C 

Compound Laboratory No IAIIDuIx* 

I 2 3 4 5 

w-4-Methyl-pentene-2 561 565 563 562 - 4 
Chloroform 589 595 600 597 - 11 
Benzene 660 670 634 653 - 36 
Dlchloroethane 648 679 651 648 641 38 
Heptene- 1 686 688 687 684 687 4 
Toluene 764 783 765 772 773 19 

l (Nk.x = Lu, (lab A) - I,,,,. (lab B) 

the stationary phase are to be determined. The methods for such determinations were 
proposed by Berezkm 130 and are based on finding the mvarlant retention values from 
the equation 

z, = I** + A/P 

where 

ZOl = 100~ + 100 log Kl,/‘Kl. / log K~(,+I,,“KI. 

i, 1s a constant and P is the percentage of the stationary phase on the solid support 
(solid support weight = 100%). Note that in this equation the reciprocal of the 
stationary phase content may nor only be the reciprocal of the percentage content of 
the stationary phase on the solid support, but also the reciprocal of the stationary 
phase volume in the column, the effective thickness of its film on the solid support 
or the reciprocal of the capacity ratio of the compound whose adsorption can be 
ignored for the chromatographic system under consideration, by virtue of its small- 
ness. 

As the relationship between the retention index and the reciprocal of the sta- 
tionary phase content is usually adequately described by the above linear equation 
in the coordinates Z, - 1 /P, there is every reason to use such relatlonshlps for deriving 
the values of lo,. Zoi may be referred to as the limiting or invariant retention index, 
which places emphasis on its independence of the solid support type. Zol is a function 
not of the retention time of the sample compounds but of the constants of its dis- 
tribution. Consequently, this quantity must be more stable in the experimental en- 
vironment, and its use must substantially enhance the repeatability of the experi- 
mental results. A Joint experimental programme undertaken by five laboratories has 
corroborated this hypothesis. Table 12 133 lists the invariant retention indices for 
some hydrocarbons, calculated using the above equation. It can be seen that the 
invariant retention indices are characterized by a much better repeatability than those 
measured directly. For example, the maximum spread of the invariant retention in- 
dices for different compounds varies from 1 to 7 units, whereas for retention indices 
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TABLE 12’33 

INVARIANT RETENTION INDICES, Ioz. FOR SOME ORGANIC COMPOUNDS ON SQUALANE 

AT 70°C 

Compound Laboratory No iA~o,),x 

I 2 3 4 5 

cis-4-Methylpentene-2 553 555 556 554 _ 3 
Chloroform 579 580 582 575 _ 7 
Benzene 640 641 642 640 _ 2 

Dlchloroethane 600 600 605 600 601 5 
Heptene-1 681 681 682 682 683 2 

Toluene 750 750 750 750 749 I 

measured m a traditional manner the spread 1s from 4 to 38 units. Hence the re- 

peatability is improved by a factor of 4-5 when invariant retention indices are used. 
A similar approach must also be used to determine the MeReynolds constants 

This will permit (1) the properties of the stationary phase to be defined, as opposed 
to those of the sorbent, and (2) improvement of the repeatability of the retention 
indices. It is therefore recommended that for determming the properties of stationary 
phases invariant Rohrschneider and McReynolds constants found from the equations 

IOimn _ fO,m - IO,” 
100 100 

and 

I Onnn = I Om - ~o,n 

where loXm, is the difference between the invariant maximum retention indices for a 
substance i and phases m and n and I Orm and Ior,, are the mvariant (maxim&J reten- 
tion indices for the substance z and stationary phases m and n, respectively, should 
be used. These Invariant constants characterize only the properties of the stationary 
phase under investigation. 

IO CONCLUSION 

Since 1960, Soviet researchers have extensively investigated the chromato- 
graphic properties of polysiloxane materials intended for use as stationary phases. 
Emphasis has been placed on the development of new types of phases, and many 
patents have been granted. To facilitate mterchangeability of the Soviet stationary 
phases, foreign analogues for Soviet poiysiloxane stationary phases have been de- 
scribed. 

In estimating the properties of stationary phases, and determining of important 
characteristics such as McReynoldsiRohrschneider constants and upper temperature 
limits, considerable attention has been paid to the careful purification of the phases 
and their condltionmg, exclusion liquid chromatographic techniques being recom- 
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mended for establishing their properties and the transformations which they undergo. 
The determination of the chromatographic properties of stationary phases IS based 
on the estimation of the contribution made by the adsorption of the sample com- 
pounds to the overall retention value, which permits the interfering effect of the solid 
support to be taken mto conslderauon. 

As far as future developments are concerned, more attention should be paid 
to ensuring uniformity of indlvldual batches of poiysllox&e stationary phases. De- 
velopments in capdlary gas chromatography are also of great Importance. 

11 SUMMARY 

Polysiloxane stationary phases developed and used in the Soviet Union are 
described in detail, probably for the first time m the Western literature. Materials 
comparable to those produced by Western specialty chromatographic suppliers are 
included; polysiloxanes particularly suitabie for high-temperature use are available 
in the Soviet Union and comparabie materials are not available elsewhere. The effect 
of adsorption on the determination of McReynolds constants of stationary phases 
is dlscussed. 
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