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1. INTRODUCTION 

The high thermal stability of organosilicon compounds (OSC) is one of the 
main factors accounting for their wide application in gas-liquid chromatography 
(GLC). Their main uses are as stationary phases and as reagents for derivatization 
in the gas chromatogaphy of various organic compounds. For instance, a Hand- 
book of Gas Chromatography’ lists 70 organosilicon stationary phases (SP) 
employed in half of the total number of GLC separation procedures. Another 
important property of OSC is their capacity to reduce the polarity of chromato- 
graphic supports by reaction with the surface hydroxyl groups. Similar procedures 
may be employed to increase the thermal stability and volatility of a number of polar 
organic compounds, such as carboxylic acids, steroids, carbohydrates and amino 
acids. Over 1000 publications have been reviewed2-6 that deal with the problem of 
the silylation of organic compounds and the analysis of trimethylsilyl (TMS) 
derivatives. 

On the other hand, organosilicon compounds lend themselves readily to 
separation by GLC. However, only about 250 publications (less than 1 y0 of the 
total number of publications on GLC) are connected to varying degrees with the 
gas chromatography of OSC. Several reviews3*‘-lo have surveyed the problems of 
sampling, the choice of stationary and mobile phases for the separation of some 
typical mixtures (mostly monomers) and the detection and pyrolysis of OSC. 

However, there is no complete survey available of the methods used for 
OSC separation. The applicability of GLC in combination with other techniques and 
the gas chromatographic properties of OSC have also been omitted from most 
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reviews. To fill this sap, we have attempted to review the experimental data bearing 
on these problems that had been published up to the middle of 1978. 

2. REL&TIONSHIPS BETWEEN RETENTION PARAMETERS OF ORGANOSILICON COM- 
POUNDS AND THEIR PHYSICO-CHEMICAL PROPERTIES AND STRUCTURE 

The relationships between the structure and properties of substances is a 
matter of lasting interest in chromatography. Most studies on gas chromatography, 
at least to some extent, pertain to the problem of the chromatographic behaviour 
of organic compounds_ The chromatography of 0% is not so well documented, the 
data bejng scattered in the literature. 

The retention of a solute in gas chromatography can be described by using 
various parameters, such as retention time, retention volume and relative retention 
values. Retention indices are also frequently used *l-15_ These methods are inter- 
reiated16, because the physical entity determinin g the chromatographic properties of 
substances is invariable, regardless of the type of retention parameter applied. 

Several retention parameters analogous to Kov5ts retention indices have 
been proposed in the study of OSC. Preisler” proposed the use of the homologous 
series of dimethytcyclopolysiloxanes as a reference series : 

(1) 

wher: i applies to the substance being studied, and II and IZ+ 1 to cyclic poly- 
dimethylsiloxanes containing JZ and JZ+ 1 silicon atoms, respectively_ 

Garzo and AlexanderIs introduced the so-called dimethylsiloxane number: 

On;, = 100 
’ log t’ - log t;, 
( Gg-+ 

- log t;, 
f 111) 

&X+1 

(2) 

where s is the substance being studied and D,,, and D,,,, refer to polydimethyl- 
siloxanes with JJZ and ~Zzf 1 silicon atoms, respectively. The use of linear polydi- 
methylsiloxanes as a reference series was reported by Wurst and ChuraZeklg: 

(3) 

where s corresponds to the substance being studied and 1’ and ??+-nz to linear 
polydimethylsiloxanes containing _1’ and yfnz silicon atoms, respectively. 

Logarithms of retention volumes and retention indices for homologous series 
of organic substances are known to be correlated with the boiling temperatures 
of the solutes: 

R = a, + a,T, (4) 

where R is the retention index or the logarithm of the absolute or relative retention 
volume and r, is the boiling temperature. 
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There is a fairly good correlation between these parameters, not only for 
homologues, but also for a much wider range of substances with similar structures. 
The same relationship is observed in the series of OSC. BortnikovZo demonstrated 
that eqn. 4 is valid for a number of organic derivatives containing silicon and 
germanium. The equations obtained enable to determine the boilins point with 3 “/o 
accuracy on the basis of gas chromatographic data. Palamarchuk et al.” investigated 
the relationship between the relative retention volumes and the boiling points of the 
compounds formed during the synthesis of ethylchlorosilane. The resu!ting diagrams 
were further used to determine the boiling points of unknown compounds. The 
departures from literature data never exceeded 4’C. Kirichenko and co-workers22-2$, 
on the basis of temperature dependence data, found the heats of solution of di- 
methylcyclosiloxanes, alkoxychlorosilanes and ethoxyfluorosilanes and showed 
them to be correlated with the boiling temperatures_ Nickless and co-workers1s30 
reported on the redistribution reactions of organo-element compounds. 

The same linear correlation was found between the logarithms of retention 
volumes and boilins temperatures for silicon- and tin-containins derivatives. How- 
ever, with aromatic derivatives, even for the OSC, the experimental points fail to 
fit the same line31. Rumyantseva and co-workers32-35 studied alkyl-, aryl-, halogen-, 
chloro- and alkylsilanes, polysiloxanes and other OSC and demonstrated the possi- 
bility of determining, on the basis of the boiling temperatures, the logarithms of 
retention volumes with approximately 2:/, error. The boiling points of alkoxysi- 
lanesj6 and alkylsilanes3’ can be determined with &- 4’C accuracy using chroma- 
tographic data, as reported by Peetre and co-workers. Garzo et al-j8 also observed the 
retention indices of chloro-, alkyl-, aryl- and alkoxysilanes to be linearly correlated 
with their boiling temperatures. Ainshtein and Shulyatieva” found the retention 
indices of 56 alkyl- and arylchlorosilanes to be correlated with the boiling tempera- 
tures, but in this instance considerable departures from linearity were observed. 
Brown and Mazdiyasn?O reported that isopropoxides of the group IV elements were 
eluted from the chromatographic column in order of decreasing volatility. 

A linear correlation between logarithms of retention volumes and molar 
volumes was demonstrated by Wurst and co-workersa’*J’ for OSC: 

where Kr and K2 are constants characteristic of particular classes of organic and 
organosilicon compounds. Retention may also be represented by: 

log v, = 
VF(bi f 2d$,) 

2.3 RT 
f constant (6) 

where V-” and 6, are molar volume and solute solubility parameters, respectively, 
and hr. is the solubility parameter of the stationary phase. 

The relationship between molar refraction (MR) and the logarithms of reten- 
tion parameters was investigated by Wurst and co-workers13-16, who found that for 
the compounds under study the equation 

log V, = a, f a,MR (7) 
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was valid, where a,, and a1 are coefficients specific for homologous series. Supporting 
evidence demonstrating the validity of this equation was provided by EllrCn et aZ.36 
for alkoxysiianes. Kirichenko et al.” also found that the heat of solution in alkoxy- 
chlorosilanes used as stationary phases was well correlated with molar refraction_ 
Ellrtn et al_-” proposed a “refraction number”, which is analogous to retention index: 

where tzD is refractive index and C is the number of carbon atoms in an +alkane. The 
indices (A),(p), (p+ 1) refer to the test-compound and ,z-alkanes containingp andp+ 1 
carbon atoms, respectively. The ?V, values were shown to be correlated with retention 
indices. The above correlation can be employed for the group identification of alkyl- 
and alkoxysilanes. 

Wurst43.44.J6 demonstrated a linear correlation bet\i,een parachor and the 
logarithms of retention indices for polysiloxanes and alkylchlorosilanes. The coeffi- 
cients in the equation 

log V, = a, T a,P 

are characteristic of the homologous series. 

(9) 

In cases when specific interactions within a particular group of compounds 
contribute to retention to the same extent, a linear correlation between retention 
values and molecular mass is observed. Bortnikov et a/.-’ reported on the properties 
of substances in EtjMH and Et,M series: it was established that retention volumes 
tend to increase when the atomic weight of the element M increases. The adsorp- 
tion and solution properties of organo-element compounds studied by sas chromato- 
=raphy20*49.50 revealed a linear correlation betxveen the chromato@raphically de- 
Lrmined vaIues of the heat of solution and adsorption and molecular mass of the 
solute. A linear relationship between logarithm of retention volume and molecular 
mass was demonstrated by Preisler ” for polydimethylcyclosiloxane. methylhydro- 
cyclopolysiloxane and methylethylhydrocyclopolysiloxane series. A similar correla- 
tion was noted for nitrogen-containing OSF’. Similarly, retention indices determined 
within series of N-substituted saturated nitrogen-containing heterocycles xvere shoxvn 

to have the same type of relationship”*“. Retention indices of methyl(2-furyl)silanes, 
-germanes, -stannanes and -piumbanes of the formula Me,_,MFu, have also been 
found to increase in parallel with the atomic weight of the element Mj4. 

Severaf studies have reported temperature dependences of retention values in 
OSC. Nagy et a1_55 present evident, n of a linear correlation between logarithm of 
effective retention volume measured for members of the same homologous series on 
the same column at various temperatures with programming of the carrier ,oas ffow- 
rate. Similar evidence was presented by Nickless and co-workers25-30. Wurst and co- 
workers-‘-‘*56 investigated the temperature dependence of the retention parameters of 
vinylethoxysilanes an’d polydimethylsiloxanes and proposed the equation 

log V, = A + ; 

where -4 and B are constants. 

(10) 



GC OF ORGANOSILICON COMPOUNDS 261 

The temperature dependence of retention indices of OSC .was studied by 
Kirichenko and co-workersZZ*57-i9. The retention indices were found to decline with 
increasing temperature, the temperature coefficient aZ/aT varying with the size of the 
polydimethylsiloxane rirg. Temperature dependence can be used for assigning chro- 
matographic peaks to particular homologous series. 

The temperature dependence of retention volumes can also be employed to 
determine heats of solution in the stationary phase. The dependence of the relative 
molar heats of solution on the relative molar entropy of solution was studied by 
Chernoplekova et ~1.6~. The dependences were found to be identical for silicon, 
germanium and tin derivatives on non-polar stationary phases, but they varied on 
polar stationary phases. This finding enables one to discriminate between derivatives 
of these elements, and to assess the degree of molecular asymmetry and polarity. 

Some other physico-chemical properties of solutes have been found to in- 
fluence retention values_ For instance, chromatographic data can be useful in assess- 
ing electron polarizability’O~lS-‘O. Heat of adsorption has been reported to be linearly 
correlated with chemical shifts in the NMR spectra of OSC”“*‘s-‘o. 

The dipole moments of solutes are known to be responsible for their capacity 
for orientational interactions with stationary phase molecules_ Ainshtein and 
Shulyatieva39 presented evidence of correlations between ill values and dipole 
moments for methyl- and phenylchlorosilanes. 

The retention indices of a series of C- and Si-substituted silatranes (I) have 
been measured”s. These compounds are characterized by uniqueJZ values (as high as 

1517 units for phenoxysilatrane on OV-225). The inter-relations between the ill 
values and dipole moments of these compounds can be described by 

dZ = a, + a,;’ (11) 

This equation permits the evaluation of dipole moments with +Sg/, accuracy using 
chromatographic data. The chromatographic properties of silatranes can also be 
described by using modified Taft equation: 

AZ= a, + a,a* + alEz (12) 

Retention is shown to decline with increasing number of substituents on car- 
bon atoms in the o-position with respect to oxygen, the resolution of diastereomers 
being attainable even on packed columns. The structural element E N-iSi E provides 
for 430, 640 and 900 units (Apiezon L, OV-17 and OV-225, respectively). The ex- 
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tremely high values of the retention indices are probably due to enhanced inter- 
action of oxygen atoms with electron-acceptor groups on the stationary phase as a 
result of transannular sN+Sis bond formation_ 

We also studied the induction effect of the substituent on the appropriate 
values of 1-(trimethylsilylalkyl)pyrrolidines, -piperidines and -perhydroazepines5’*53. 
It was found that variation in basicity within these series of compounds does not lead 
to any appreciable changes in the retention values. 

The space orientation of fragments in OSC molecules has also been found to 
affect the retention values. For instance, branched silicon- and germanium-containing 
organic compounds are characterized by lower retentions than their analogues with 
normal structureP. With polydimethylsiloxane pyrolysis products, Garzo et a/.62 
demonstrated faster elution for compounds that possessed more compact structures 
(branched or cyclic) for an equal number of silicon atoms. This observation permitted 
the preliminary identification of a number of polycyclic siloxanes. 

To assess the retention of OSC, one can consider methods of comparative 
calculations. There have been reports demonstratin g that retention indices of alkyl- 
chIorosilaneP3 and nitrogen-containing OSCj’ can be calculated a priori by using the 
first method of Karapetyantz’s comparative calculationsb’_ 

Several workers65-69 have discussed the correlation betweed retention param- 
eters measured on different sorbents varying in selectivity_ It \vas found that the homo- 
logous series tended to comply with the followin g equation for non-polar (A) and 
polar (B) stationary phases: 

(13) 

II = constant 
The elution of polydimethylsiloxanes on t\vo stationary phases was studied by 

Garzo and co-\vorkersbb-b9. The two phase diagram allo\vs one to discriminate 
bet\veen “isomer lines” and ‘-sub-isomer lines”, which can be used to clarify the 
structure of the components of the mixture. The proposed method for the qualita- 
tive analysis of polycyclic organosilicon compounds is also applicable to the gas 
chromatography of TMS esters of silicic acid69. According to Ellren er aZ.36, retention 
indices on XE-60 can be estimated using retention indices determined on a non-polar 
stationary phase (Apiezon L): 

(14) 

Franc et aI_6’ studied the chromatographic properties of phenylsiloxanes on 
polar (A) and non-polar (B) stationary phases. It was demonstrated that in the plots 
of number of phenyl groups rewls log r&log t RX, the points corresponding to the 
same number of phenyl radicals tended to fall closely together, the value log r,,/log t,, 
declining lvith increasing number of phenyl radicals. 

It is known that the introduction of the same structural elements into mole- 
cules of different solutes may result in similar increments of the logarithm of reten- 
tion volumes or retention indices. This accounts for the correlation observed between 
retention parameters and the number of particular atoms or structural fra,oments 
present in the molecule. For instance, the number of silicon atoms in silanes is linear- 
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ly correlated with the logarithm of specific retention volume61. The same relationship 
holds for germanium derivatives. A linear correlation between lo,oarithm of retention 
volume or retention indices and the number of siloxane units has been reported for 
polydimethylsiloxanes by WurstJ3, Wurst and Duseki6 and Rumyantseva et a/.32*33-35. 
Kirichenko et a1.s9 studied the influence of the ring size on the retention indices of 
various organocyclosiloxanes and were able to identify compounds containins up to 
12 silicon atoms. 

Luskina et n/.” reported that an increase in lo, = V, values was linearly related 
to the increasing size of the ring in the homologous series of oligodimethyl(methyl- 
dichlorophenyl)cyclosiloxanes. a,c+Dihydrodimethylsiloxanes were . studied by 
Kochetov et LII.~‘. The increments of I determined for -0-SiMe2- fragments were 
used to calculate retention parameters for a number of compounds. The accuracy of 
the calculations was about i5 index units. Nomograms for the identification of 
components in complex mixtures of structurally related compounds were prepared by 
Y udina and co-workers”.‘3, based on the finding that methylpropylsiloxane and 
methyltrifluoropropylsiloxane groups affect retention in a standard manner. Peetre 
et ~1.~’ demonstrated that the retention indices of mixed tetraalkylsilanes and struc- 
turally identical tetraalkoxysilanes may be connected by the following equation: 

the correlation coefficient exceeding 0.999. Thus. / values for alkylsilanes can be 
calculated by using the / values for alkoxysilanes. or sise versa, with an accuracy of 

$1-2 units. A linear correlation bet\veen the logarithms of the effective retention 

volumes of two homologous series studied under the same experimental conditions 
was reported by Nagy et c~l_~~_ The stability of the effects exerted on retention by vari- 
ous structural fragments allolved Berezkin and co-workers’4-‘6 to express the loga- 
rithm of the relative retention time of OSC as the sum of contributions by particular _ 
bonds or structural elements : 

log Ti = QJgj (16) 

where ri denotes relative retention time, I:,,. is log t corresponding to the particular 
set of bonds (structural element) and 12,~ is .the number of such structural elements in 
the molecule_ The increments contributed by the fragment -CH,-CH2- were shown to 

be virtually identical for alkanes and alkylsilanes, which makes it possible to predict 
the chromatographic properties of OSC on the basis of retention data found for the 
carbon analogoues. Similarly, Rumyantseva and co-workers3’-35 expressed the re- 
tention values of a number of alkyl-, aryl- and halogensilanes, chloroalkylsilanes and 

polysiloxanes as the sum of individual contributions. Wurst and ChuraEek” measured 
increments of IsI values and Ciarzo and co-workers reported increment vaues found 
for retention indices3* and for DNX66-68. Kochetov ” described retention parameters 
as the sum of individual contributions_ We also demonstrateds4 that the retention of 

compounds of the general formula 
(! 

” 
MKH314_ n can be described by 

0 

(17) 
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where Ix, is .the atomic weight of the element M and X2 is the number of furan rings 
per molecule. The use of structural increments to determine I values for nitrogen- 
containing OSC was discussed by Kochetov et al. sl. NagyS, Chernoplekova et a/.@’ 
and EllrCn et al_36 reported retention values to be linearly correlated with the number 
of carbon atoms in various groups of OSC. Kirichenko and Markovzz and Preisler” 
demonstrated a linear correlation between retention values and the number of chlo- 
rine atoms in solutes. 

On the other hand. it is not infrequent to observe a departure from the addi- 
tivity principle due to the mutual effects of the structural fragments. For instance, 
such evidence was presented by Ainshtein and ShuIyatieva39 for alkyl- and arylchloro- 
silanes. Semlyen and co-workersiS*i9 demonstrated that the retention values found for 
chlorosiianes and chlorogermanes on the basis of additive calculations may differ 
significantly from the experimental data. The differences between the calculated and 
experimental values were found to depend on the length of the hydrocarbon radicals 
attached to the silicon atom. Likewise, the retention indices calculated for silatranes 
fail to comply with the additivity scheme. because the contribution of the structural 
fragment 3 N-&i .Z is fairly large and it Iacks stability_ 

In many instances, the observed departures from additivity can be taken into 
account and the appropriate corrections can be made, but this usually results in the 
creation of too cumbersome models. Kirichenko et oi. so found increments of retention 
indices that correspond to particuiar structural fragments in aIkylchIorosilanes and 
attained a fairly high accuracy in their calculations, as they took account of the effect 
exerted by the number of carbon atoms in hydrocarbon radicals (zzz) and the total 
number of alkyl groups (n): 

I = ijrsic, 
” 

-* n( 1 OOnz) (3 --II) (1s) 

It has been established that in methyl- and ethylcyclopolysiloxanes the con- 
tributions of MeHSiO and EtHSiO fragments to retention indices are not constant 
and vary with the size of the rins s* The relationship betlveen retention indices and _ 
the number of members (12) in the ring was described as follows: 

I = aa -- a, l/f2 T aliz (19) 

The accuracy of the calculations was 25 units. Takacs et al_s’ proposed a method for 
n priori calculations of retention indices for methyIchIorosiIanes, allowing the assess- 
ment of the contributions of atoms and bonds and the interactions with stationary 
phasesE3*s1. 

Peetre and co-~~orkers36.j’.17.s~-ss made a detailed analysis of the chromato- 
graphic properties of a large number of tetraalkyl- and tetraalkoxysilanes. A method 
and an improved computer program adapted for the analysis of complex mixtures 
when the addition of all necessary zz-alkanes is impossible were proposed for the 
calculations of retention indice?. Retention indices of mixed tetraalkoxysilanes were 
studied36 and it was demonstrated that these compounds are characterized by higher 
values of I than those calculated using the additivity principle on the basis of their 
symmetrica analogous. This discrepancy was found to be dependent on the length of 
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the shortest alkyl chain and on the difference in length between the shortest and the 
longest chains. The following equation was proposed for the calculation of /: 

(20) 

where IRosi is one quarter of the retention index of (RO),Si: rz is a combination 
number that is found by multiplyin_g the numbers of the various alkoxy groups 
attached to the silicon atom; d is the difference in length between the carbon chains 
of two alkoxy groups; and k is a constant determined by the length of the shortest 
carbon chain. 

The retention indices calculated on the basis of this equation differed from the 
experimental values, on average, by 1.2 units. The value of the correction term /I& 
was shown to be determined by the interaction of carbon atoms in various alkoxy 
goups. The accuracy of the caiculations can be further enhanced for alkoxysiianes by 
using an improved equation 86 that permits an CI priori determination of the tempera- 
ture increment of the retention index. The procedures developed were later extended 
to tetraalkoxysilanes with branched chains ~3’ The increase in the retentibn indices . 
with the increasing chain length was found to depend on the charge sign of the ter- 
minal carbon atom, as revealed by a study with tetraalkylsilanes3:. Further, it wxs 
assumed that charge alternation takes place in the carbon chain attached to the silicon 
atoms9_ The introduction of a j?-CHz- group into a tetramethylsilane molecule resulted 
in an increase of 125.6 units in the I value, whereas with a ;KHI- group it was only 
67.6 units. Thus. the anomalously low value of I of tetramethylsilane may be due to 
the negatively charged peripheral part of the molecule hindering its dissolution in the 
stationary phase. Transition from methoxysilane to ethoxysilane results in a small 
increase in the /value (by 25 units on OV-17). Apparently in this instance also ethoxy- 
silane shows anomalously low solubility in the stationary phase due to the negative- 
ly charsed outer surface of the molecule_ 

The above facts serve to illustrate the esistence of various correlation patterns 
betlveen the structure of OSC and their retention values obtained by GLC. A kno\vl- 
edge of these correlation patterns is of the utmost importance for several reasons.‘lt 
provides a compact representation of retention data for various classes of substances 
and helps to predict retention parameters for chromatographically unexplored com- 
pounds, to identify components of complex mixtures and to gain an insight into the 
physico-chemical processes that determine the interactions betn,een solutes and sta- 
tionary phases. Although n priori methods used to calculate retention parameters are 
not sufficiently accurate to provide unequivocal identification of components in 
multi-component mixtures, as compared with experimentally obtained data, they are 
useful in helping to substantiate or disprove hypotheses bearing on the structure of 
components in test mixtures or, at least, to narrow significantly the scope of the avail- 
able concepts. 

3. DETECTORS FOR GAS CHROMATOGRAPHY OF ORGANOSILICON COMPOUNDS 

Thermal conductivity and flame-ionization detectors are the most common 
detector devices currently used in gas chromatography. The former is conspicuous for 
its simple construction and reliability in operation_ Its applicability to the analysis 
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of both organic and inorganic compounds offers certain advantages, especially with 
alkyichlorosilane mixtures, which normally contain trace amounts of inorganic 
substances that cannot be detected with a flame-ionization detector. An important 
property of the katharometer is that the separated compounds are not destroyed, 
which allows fractions to be collected for further investigation, for example, by 
spectroscopic methods. Frequent cleanin, = the detector is also avoided. On the other 
hand, the sensitivity is low and its response is slow. which makes it inapplicable to 
the analysis of impurities and in capillary chromatography. Like most other detectors, 
katharometers exhibit a wide variation in sensitivity towards different chemical sub- 
stances, which cannot be readily predicted on the basis of theoretical assumptions. 
Response factors found for a katharometer (with helium as the carrier gas) were 
presented by Hanneman lo for polydimethylsiloxanes and methyl- and phenylchloro- 
silanes. The response factors increased (and the sensitivity therefore decreased )with 
increasing number of units in siloxane polymers and with increasing content of chlo- 
rine in chiorosiianes. -4 similar variation in katharometer sensitivity was noted for 
methylchlorosilanes by Rotzsche’r. Dearlove et af.9L provided molar and weight 
response factors to be used for alkoxysilane series and presented some guidelines for 
the prediction of detector sensitivity with respect to compounds unavailable in a pure 
form. 

Calibration of katharometer becomes superfluous when the apparatus is fitted 
with a combustion chamber for elemental analysis filled consecutively with copper 
oxide and silver and which is placed bet\veen the column and the detectorg2. The 
sample components passing through this device are converted into hydrogen. which 
is registered by the detector_ The appropriate calibration coefficients can be calculated 
theoretically on the basis of the hydrogen content of the component being analysed. 
This detector has been used in the analysis of polyorganosi!oxanes6’t phenylchloro- 
silanes93, phenylalkoxysilanes”‘. Its application appears to bt extremely advanta- 
geous, especially lvhen standard compounds are not available, but its response is still 
stower than that of the katharometer and the degree of combustion of OX must be 
determined in each instance. 

The katharometer was sho\vn to exhibit selective sensitivity towards organo- 
element compoundsg5_ For instance, the sensitivity to OSC was approximately 3- 
fold higher (&fold to germanium and g-fold to lead compounds) than to the carbon- 
containing analogues. 

The use of flame-ionization detectors (FID) for OSC analysis is associated 
with- various anomalies. Luskina rt n/.96 demonstrated that the sensitivity of the FID 
was dependent on the C:Si ratio in the sample. Pollard et al_” demonstrated that the 
FID is easily overloaded with OSC, which results in flattened peaks after reaching a 
certain threshold value of the sample volume. To avoid this, they recommended 

reducing the size of the sample or installing an effluent splitter between the detector 
and the column. Peak inversion was registered for OSC by Fritz rt a/.9’ using an FID. 
The intensity of the detector signal plotted against mass of silicon produced a curve 
with a maximum. The effect of gas flow through the detector on the above phenom- 
enon was studied. Infusion of acetylene into the hydrogen flame caused complete in- 
version of OSC peaks, the magnitude of the observed effect being correlated with the 
C:Si ratio, which makes it applicable to the qualitative analysis of siloxanes. Back- 
ground current can be attained in FID by adding methane98*99. It has been suggested 
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that in this mode of operation negatively charged ions are generated by OSC, whereas 
positively charged ions in considerably smaller amounts are produced by organic 
compounds. Under normal operatin, = conditions, the sensitivity of such a detector 
ranges from 80 to 200 nC per gram of silicon, and the lowest detectable amount is 
1 - 10m9 g/set. The parameters of the detector were studied using an X-Y recorder by 
comparing the signal of a standard detector with that of the detector being studiedloo_ 
Selective features of the detector permitted its subsequent application for the quanti- 
tative analysis of the decomposition products of organosilicon polymers’“‘_ 

The applicability of an alkali flame-ionization detector to the analysis of 
organo-element compounds was investigated by Dressler et ~1.‘~‘. They found it to 
be more sensitive to OSC than the ordinary flame-ionization detector. Also, it gener- 
ated a positive signal in response to OSC, which did not occur with tin- and lead- 
containing compounds_ The thermionic detector can be used for the analysis of HCl, 
COCl, and methyl- and ethylchlorosilane impurities in silicon tetrachloridero3. 

Hill and Aue”’ proposed a flame-ionization detector operating in a hydrogen 
atmosphere as a selective detector for OSC. Its sensitivity to alkyl- and arylsilanes is 
2-3-fold higher than that to hydrocarbons. The addition of small amounts of ferrocene 
to the flame causes inversion of OSC peaks and increases the sensitivity to these 
compounds by one order of magnitude. Although the mechanism of such selectivity 
is unknown, this detector may prove very useful for the analysis of OSC in the presence 
of a multi-component mixture of organic compounds. However, the detector possesses 
a comparatively low absolute sensitivity. of the order of tens of nanograms for tetra- 
methylsilane. 

To determine methylchlorosilanes, Garzo and co-\vorkerslOj-lO’ used a cell 
in which the electrical conductivity of a hydrolysate \vas measured continuously. 

An argon ionization detector has also been proposed for OSC analysisroY, 
but it appears to be unsuitable because of its extremely low sensitivity to OSC, which 
would decrease with the increasing chlorine content in the sample. 

Fritz and Ksinsikro9 designed a device consisting of two flow-sensitive katharo- 
meter cells. The device resembles closely the gas density balance proposed by Martin 
and James Ilo and can be applied to quantitative analysis and molecular Lveight 
determinations with 5 ‘;:5 accuracy_ A similar detector was reported by Wurst”‘*“‘. 
There have also been reports on r-C radioactivity detectors used for OSC analysis”‘. 
Selective OSC determinations can also be carried out using various spectral methods. 
The chromatograph can be connected with a flame emission or atomic-absorption 
spectrometer’14-“6. A UV detector”’ permits the detection of impurities in OSC at 
the appropriate wavelenpth for each impurity_ 

Of the variety of detection systems used for the analysis of OSC and organic 
compounds, the katharometer and FID are the only detectors with a wide range of 
application, and the other systems may be advantageous only in more specific analyt- 
ical determinations. 

4. STUDY OF ORGANOSILICON COMPOUNDS BY GAS CHROMATOGRAPHY IN 

COMBINATION WITH OTHER METHODS 

The general aspects of GC in conjunction with chemical reactions and spectral 
analysis have been the subject of numerous publications, which were summarized by 
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Berezkinlls and Ettre and McFadden ‘I9 In OSC chemistry, reaction gas chromato- _ 
graphy is mainly applied to functional ana!ysiPO. 

The use of reaction GC to identify unknown compounds as chiorosilanes was 
reported by Palamarchuk et al.“. Chlorosilane absorption was performed in the 
upper section of the chromatographic column with solid potassium hydroxide on 
an INZ-600 support. The chlorosilanes were completely absorbed by the sorbent, and 
the absorbent layer involved in the reaction had no effect on the retention values. 

Reaction GC is applicable to the analysis of substances that cannot be sepa- 
rated by conventional GC. Difficulty is experienced, for example, in applying the 
direct method to the determination of trace amounts of phenyltrichlorosilane in 
methylphenyldichlorosilane. A pre-column containin, n sodium fluorosilicate installed 
prior to the chromatographic column permits the conversion of chlorine-containing 
silanes to the appropriate fluoro analogues, which can be separated more readily 
‘“.i21_ Reaction GC can also be useful for the determination of relative amounts of 
(CH3)$Si-. (CH3)ISi- and CH;Si- groups in methylsiloxane polymers. The proce- 
dure consists in decomposing the polymers with an ethereal solution of boron tri- 
fluoride”’ or sodium bifluoridet’j in a closed system and with subsequent GLC anal- 
ysis of the resulting methylfluorosiianes either on a capillary column coated vvith 
SE-3O*‘L or on a column packed with fluorosilicone FS-161’3. 

A reaction GC device designed for group determination in OSC through Si-C 
bond hydrolysis in C-halosenated compounds has been reported X24- The stability of 
Si-C bonds in i;-trimethylsilylpropionic and $-dimethylbutylsilyipropionic acid 
towards sulphuric acid \vas determined by measurin= = methane and butane generated 
in the reaction”‘. A simple micro-scale method for Si-H bond determination \vas 
described by Franc and Mikes”(‘, whic!r involved decomposition of OSC on a moist 
mass imprssnated kvith potassium hydroxide, the hydrogen evolved beins accumu- 
lated in a syringe and its amount measured using an activated carbon column after 
completion of the reaction. 

Several studies have dealt with the problem of vinyl group determination in 
silosane polymers. Conversion of vinyl groups into ethylene can be achieved through 
reaction with 90 “/;; sulphuric acid”’ or phosphorus pentoxide”“.““, by polymer fusion 
\vith potassium hydroxide’30 and by pyrolysis’31. The last procedure also permits the 
determination of alkoxy groups by measuring the yield of alcohols, both vinyl and 
alkoxy Sroups being detectable at the 0.1-0.01 ‘;x level. Combined methods for the 
qualitative analysis of OSC by means of TLC vvith subsequent application of reaction 
GC have also been developed’3’*‘33. In this instance the material from the thin-layer 
chromatograms is transferred into a micro-reactor to be further treated with boron 
trifluoride, follo\ved by chromatographic analysis of the reaction products_ 

Franc and co-vvorkers134-136 presented a systematic method for OSC analysis 
based on reaction GC. Detection of alkoxy and phenyl groups is carried out by re- 
action with boron tribromide: ethylene oxide and propylene oxide rings can be 
detected by measuring the acetaldehyde or propionaldehyde produced in the reaction 
of OSC with potassium hydrogen sulphite. Treatment with potassium persulphate 
alIo\vs the identification of C= C double bonds, whereas reaction with solid potassium 
hydroxide at 200’ is employed for the determination of the terminal -Si(CH& and 
=SiC,H, groups. Sulphur can be detected in OSC by measuring the output of 
sulphur dioxide following treatment with boron trifluoride. The presence of carbon 
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chains bonded to a silicon atom is revealed through catalytic conversion on alumino- 
silicate modified with tungsten and molybdenum oxides. Acetyl groups are deter- 
mined by hydrolysis with subsequent analysis of acetic acid. Chromatographic para- 
meters for the determination of volatile products have also been elaborated. 

A systematic approach to the analysis of functional groups and some bond 
types in OSC was described by Franc and Dvoracekr3’. The compounds to be anal- 
ysed were decomposed in a micro-reactor using sulphuric acid, hydriodic acid, 
potassium hydroxide or other reactants and the volatile reaction products were passed 
through a chromatographic column. The procedure is applicable to alkyl, chloro- 
alkyl, vinyl. alkoxy and phenyl Sroups and also to Si-Si and H-Si fr-agment deter- 
minations- 

Thus, reaction sas chromatography offers fairly wide possibilities for the study 
of OSC. However, most reactions employed in OSC determinations are time consum- 
ing and require a very long time for their completion compared nith peak elution 
from chromatographic coIumns. This advantage limits considerably the applicabihty 
of reaction GC to the analysis of muIti-component mixtures. 

GLC is inapplicable to the direct analysis of siloxane polymers. Nevertheless_ 
some information about the properties of these substances can be obtained by de- 
termining the amounts and composition of some comparatively volatile impurities 
that can be detected by conventional GLC’35_ 

Gas chromatography-mass spectrometry has been applied to the identifica- . 
tion and structural analysis of silsesquioxanes IX9 and the analysis of the pyrolysis 
products of polydimethylsiloxanes6’~*J0_ Reaction GC of OSC using’ preliminary 
fusion has been also studiedr4’. 

The method for the determination of trimethylsilyl groups in amino and 
carboxylic acid derivatives is based on the gas chromatographic analysis of trimethyl- 
phenoxysilane formed on exposure of the sample to phenol”‘. 

A method of rapid stationary phase selection for silosane resolution has been 
describedIq3 in which relative retention parameters are estimated as follows: 

= *‘i(squaIa”e) - *‘i(po!ar phase) (32) 

where rfi denotes the shift in Si-H stretching frequency. and E and F are constants. 
GLC can also be used to measure the vapour pressure of OSC” and to choose 

potential separating agents for extractive distrllation of methylchlorosi!aneslJj. 

5. GAS CHROMATOGRAPHY OF ORGANOSlLlCON COMPOUNDS AND MIXTURES 
THEREOF 

The conditions required for OSC analysis are summarized in Table 1. Sta- 
tionary phases of general usage, such as Apiezons and siloxane polymers character- 
ized by low or medium polarity, are most frequently employed for the analyses. Only 
with alkylchlorosilanes more polar phases such as phthalates, nitrobenzene and 
tricresyl phosphate are used. The amount of stationary phase loaded is dependent pri- 
marily on the voIatility of the sample components and ranges from 5 to 33 T’,_ Capil- 
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lary columns are seldom used. There are no special requirements for the carrier 
gases, except for chlorosilane analysis, when they have to be thoroughly dried. Un- 
doubtedly, many of the stationary phases proposed by different investigators have 
very similar properties. Valuable information on their interchangeability is given in 
refs. I and 245. 

6. SUMMARY 

The present review deals with some problems that may be. of interest to 
chromatographers studying organosilicon compounds (OSC). It is shown that cor- 
relations between structure and retention values of OSC help to predict retention 
parameters of unexplored compounds and help to gain insight into the physico- 
chemical processes in the pas chromatography of OX. The detectors used for OSC 
analysis are discussed. A combination of gas chromatography with other methods is 
shown to be useful in functional group analysis as well as in the identification of 
separated compounds. The conditions of 160 analytical methods are tabulated. 
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