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SUMMARY 

Equations for the calculation of retention indices for mixed tetraalkylsilanes 
are given. The significance of the sign of the charge on the terminal methyl carbon 
atom of the alkyl groups bonded to silicon in determining the magnitude of the 
retention index and the dl value is discussed. Rules for the estimation of the tem- 
perature dependence of retention indices for tetraalkylsilanes are given. Linear 
relationships are shown to exist between retention indices for homologous series of 
mixed tetraalkylsilanes on the one hand and retention indices of symmetrical tetra- 
alkylsilanes or of various tetraalkoxysilanes on the other. The two-phase plot of 
?j?zk versus f, G o XE for tetraalkylsilanes is shown to be completely different from that for 
tetraalkoxysilanes. 

INTRODUCTION 

The three previous papers’-’ in this series dealt with Kovats retention indices 
for tetraalkoxysilanes. Methods for the calculation of retention indices were developed, 
and various interrelations between retention indices, as well as relationships between 
retention indices and certain physical constants, were established. In this paper, a 
similar study of tetraalkylsilanes, R,Si, with normal alkyl groups is reported. 

Tetraalkylsilanes belong to the types of organosilicon compounds most 
frequently investigated by gas chromatography. Thus, Semlyen and co-workefS4*5 
measured the retentions of a considerable number of symmetrical and mixed tetra- 
alkylsilanes relative to mesitylen$: on squalane, and Pollard et aLG, in connection with 
redistribution studies on tetraalkylsilanes, determined retention volumes on silicone 
oil E-301. In similar work by Hailey and Nickless’, specific retention volumes were 
given for some tetraalkylsilanes mainly containing branched alkyl groups. Garzci 
et ~1.~ reported retention indices for several organosilicon compounds on Apiezon L, 
SE-30 and QF-1, including tetramethyl- and tetraethylsilane. Wurst and ChurbEekg 
measured a quantity called the silicon index (Is,) for tetramethyl-, tetraethyl- and 
tetrapropylsilane. However, no data were given that permit the recalculation of the 
silicon index to Kovats retention index. 
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EXPERIMENTAL 

Apparatus and colutnns 
A Varian Model 1400 gas chromatograph with a flame ionization detector, and 

equipped with an auxiliary thermocouple and temperature gauge (Mettler TM 15), 
was used for the retention index measurements. The temperature could be read to 
kO.1 o and was constant within this range during a measurement. Any significant 
deviation of the observed temperature from the measurement temperature in the 
tables was corrected for. 

Perkin-Elmer capillary steel columns (50 m x 0.25 mm) containing Apiezon L 
and cyanosilicone XE-GO, respectively, as stationary phases were used throughout. 
For the determination of accurate retention indices, the recently described computer 
method” was_utilized. 

Materials 
Most of the compounds investigated were synthesized in this laboratory. The 

symmetrical tetraalkylsilanes were prepared from alkyl-lithium and silicon tetra- 
chloride. The same method was used for preparing some of the mixed compounds, 
starting from appropriate alkyl chlorosilanes and alkyl-lithium. However, the 
majority of the mixed tetraalkylsilanes were obtained by alkyl interchange between 
symmetrical tetraalkylsilanes using aluminium chloride (1 mole-o/o) as catalyst”. 
Depending on the boiling points of starting material and products, the reaction 
mixture was heated either under reflux or in a sealed tube to 150-175” for 2 h. Under 
these conditions, the formation of undesired by-products was generally limited. 

The syntheses by alkyl interchange were performed on a small scale. No 
separations of the compounds formed were made prior to the gas chromatographic 
investigation. The peaks in achromatogram could generally be unequivocally assigned, 
as the various tetraalkylsilanes resulting from the systematic exchange of one alkyl 
group for another appeared in order of increasing molecular weight on both stationary 
phases. In some doubtful cases, this was proved by comparison with model compounds 
obtained by the alkyl-lithium-chlorosilane method. 

RESULTS AND DISCUSSION 

Retention indices -and Al values of tetraalkylsilanw 
Table I summarizes retention indices and dl values of tetraalkylsilanes with 

R =methyl to pentyl, and in Table II the corresponding group values are given. These 
values were obtained by division of the indices and Al values for the symmetrical 
tetraalkylsilanes, SiR4, in Table I by four. In Table I, IftoL values are generally given 
to one decimal place, while I&z values are generally given as integers, which is in 
agreement with the general rule that the retentions of non-polar compounds 
can be determined more accurately on non-polar than on polar stationary phases. 
As the XE-60 column has a recommended maximum temperature of 150”, 16: 
values were obtained by extrapolation from IXE values determined at lower tem- 
peratures. The Alvalues for n-alkyl groups bonded to silicon are strikingly low, and 
only 1/15th to 1/5th of the corresponding dl values for n-alkoxy groupst. This is a 
consequence of the low polarity of the Si-C bond compared with the Si-O-C bond. 
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TABLE 1 

EXPERIMENTAL AND CALCULATED RETENTION INDICES AND Al VALUES FOR 
TETRAALKYLSILANES 

Me&i 
Et&i 
Pr&i 
BudSi 
P&ii 
MeaSiEt 
MczSiEtz 
MeSiEta 
MeoSiPr 
MeaSiPrz 
MeSiPrs 
Me&&t 
MezSiBuz 
MeSiBuu 
MeaSiPe 
MezSiPea 
MeSiPea 
Et oSiPr 
EtsSiPrs 
EtSiPrn 
EtsSiBu 
Et&i&ta 
EtSiBus 
EtaSiPe 
EtsSiPes 
EtSiPes 

420 
922.2 

1192.9 
1485.6 
1820 

550 
676.9 
800.1 
634.0 
838.8 

1 OiG.0 
722.7 

1008.4 
1264.4 

814.0 
1188.6 
1528.8 
994.1 

1064.4 
1130.0 
10763 
1222.1 
1358.7 
1164.0 
1400.1 
1618.0 

559 +9 
688 +11 
810 + 10 
638 +4 
841 -l-t 

1025 - 1 
724 + 1 

1003 -5 
1257 -7 

820 +Ci 
1187 -2 
1520 -9 
9965 f 2.4 

1066.4 -I- 2.0 
1131.8 + 1.8 
1076.3 0.0 
1221.5 - 0.6 
1358.0 - 0.7 
1167 -l-3 
1397 -3 
1616 -2 

437 
948.1 

1204.4 
1508.7 
1847 

569 
697 
825 
649 
852 

1037 
741 

1026 
1284 
838 

1212 
1549 
1020 
1086 
1145 
1103 
1247 
1382 
1193 
1423 
1640 

578 t-9 
710 +13 
833 i-8 
654 +5 
854 +2 

1038 + 1 
743 -i-2 

1023 -3 
1279 -5 

840 i-2 
1209 -3 
1545 -4 
1019 - 1 
1085 - 1 
1147 +2 
1101 -2 
1246 -1 
1382 0 
1193 0 
1424 -l-l 
1642 i-2 

17 
25.9 
11.5 
23.1 
27 

;: 
25 

:5 
11 
18 
18 
20 
24 
23 
20 
26 
22 
15 
27 
25 
23 
29 
23 
22 

19 0 
22 +2 
23 -2 
16 +1 
13 0 
13 +2 
19 +1 
20 +2 
22 +2 
20 -4 
22 -1 
25 +5 
23 -3 
19 -3 
15 
25 -; 
24 -1 
24 i-1 
26 -3 
27 +4 
26 i-4 

l The slope of the linear part of the rr-alkane logt’r-carbon number plot at 160” was 0.226. 
l * Calculated using eqn. 1; the k values on both columns are 4.2 and 2.2 for Me0 and EtO, 

respectively. 
‘**The slope of the linear part of the rz-alkane logr’r-carbon number plot at 150” was 0.199. 

61 Obtained by subtraction of lftcL (calcd.) from 15: (crrlcd.). 

The increase in the group index per CH2 group added is also given in Table II. 
The large increase for the first CH2 group added is remarkable and it is concluded 
that the retention index of Me4Si is abnormally low on both Apiezon L and XE-60. 
On the basis of refractometric studies, it has been proposed by Fajans” that in 
an alkyl chain bonded to silicon, the charge distribution is 

Si-CH2-&-12-CH,-CH,-CHZ-... 
0 b Y a E 

where the magnitude of the charge diminishes with increasing distance from the 
silicon atom. Comparison with the 81(CH2) values in Table II shows that the high 
F-CH2 value is connected with a positive charge and the low y-CH2 value with a 

-. 
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TABLE II 
GROUP RETENTION INDICES AND GROUP dl VALUES FOR n-ALKYL GROUPS 
BONDED TO SILICON IN SYMMETRICAL TETRAALKYLSILANES 

Me 105.0 109.3 4.3 
Et 230.6 125.6 237.0 127.7 6.5 
Pr 298.2 67.6 301.1 64.1 2.9 
Bu 371.4 73.2 377.2 76.1 5.8 
Pe 455.0 83.6 461.8 84.G 6.8 

negative charge. From refractometric investigations, in which a similar change in the 
group refraction of CH2 was demonstrated, it was concluded that the influence of the 
silicon atom did not reach appreciably beyond the S-CH2 group”. Although tetra- 
alkylsilanes with alkyl groups larger than pentyl have not been investigated, there is 
reason to assume that the .+6Z(CH2) value is close to the normal one, just as was 
found for the refraction of the a-CH2 group. 

Thus, on the basis of the Fajans’ theory, the low retention index for Me4Si 
should be attributed to the negatively charged methyl carbon atoms, which cause the 
solubility of the molecule in the stationary phase to be lower than expected for normal 
behaviour. Similarly, the high retention index of Et,Si should be connected with the 
now positively charged terminal methyl carbon atoms, causing the solubility to be 
higher than expected. 

For the previously investigated tetraalkoxysilanes, a similar variation in the 
6Z(CHz) values in the vicinity of the silicon atom existed (see Table IV in ref. 1). 
In this instance, the charge distribution is assumed to bel’ 

Si-G-CH,-CH,-&-I&X-I~-CH,-. . . 

LI Pi Iv Jl re 

The difference between Z(EtOSi) and Z(MeOSi) is strikingly small, which is mainly 
caused by the too high retention index for (Me0)4Si. Accordingly, the positive charge 
on the methyl carbon atoms in (MeO),Si renders the molecule more soluble in the 
stationary phase than expected for normal behaviour. Judging from the 6Z(CH,) 
values, the influence of the silicon (and oxygen) atom does not reach appreciably 
beyond the 6-CHz group in this instance either. 

A comparison between the Z(RSi) values and the corresponding Z(ROSi) values 
(see Table III) shows a considerable variation in the differences with the size of the 
R group. On Apiezon L, Z(ROSi) is about 60 index units higher than Z(RSi) for 
R=methyl, which must be attributed to the opposite charges on the two methyl 
groups. For R=ethyl, Z(ROSi) is about 18 index units lower than Z(RSi), as a conse- 
quence of the now reversed charges of the terminal methyl groups. With increasing R, 
the group indices become more alike and are nearly identical for R= butyl and pentyl. 
Accordingly, we can conclude that on Apiezon L, for small R values, the charge of the 
terminal methyl group has a dominating influence on the retention, whereas for larger 
R groups, their size is the retention-determining factor, the charge in this instance 
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TABLE III 

COMPARISON OF GROUP RETENTION INDICES FOR n-ALKYL AND n-ALKOXY 
GROUPS BONDED TO SILTCON IN SYMMETRICAL TETRAALKYL- AND TETRA- 
ALKOXYSILANES 

R DiB: [Zf&L(ROSi)-ZrcPd’(RSi>] Difl [Z~$(ROSi)- Zc:(RSi)] 

E 
+62 + 118.0 
- 17.7 -I- 15.8 

PI. - 7.7 f 22.7 
Bu - 0.G 4 23.2 
PC 0 + 23 

being too low to be of any importance. For larger RO groups, the presence of the 
oxygen atom has only a minor influence on the retention of tetraalkoxysilanes on the 
non-polar stationary phase. 

For the XE-60 phase, there is still a difference of about 20 index units between 
I(ROSi) and I(RSi) for R= butyl and pentyl. This difference can be considered as 
the contribution of the oxygen atom in the RO group to the retention on the polar 
phase. 

The Alvalues are also markedly influenced by the charge of the terminal methyl 
groups. Thus, low A1 values are connected with a negative charge: Me,& (AI’= 17), 
Pr,Si (Al= 11 S), Me,SiPr,, (AI= 11-l 5); and high AI values with a positive charge: 
Et4Si (Al= 25.9), 13u4Si (A1=23. l), Et,SiBu,_, (AI= 23-27). 

Equation for the calculation of retention indices 
Semlyen and Phillips” observed the non-additivity of group retentions in mixed 

tetraalkylsilanes and concluded that the more similar were the sizes of the alkyl 
groups in a mixed tetraalkylsilane, the smaller was the deviation from additivity. 
A rough correction method was based on this observation, but it does not permit 
accurate calculati.on of the retentions of mixed tetraalkylsilanes, In a previous paper’, 

‘&n equation was given for the calculation of retention indices of mixed tetra- 
alkoxysilanes from those of the symmetrical counterparts. If this equation is applied 
to mixed tetraalkylsilanes, it will become 

I(R,Si) = CI(RSi) + Z(n * d - Ic)~_~ 

where 
R = n-alkyl ; 

(1) 

I(RSi)=group retention index (see Table II); 
n=combination number (cf. refs. 1 and 3); 
n=carbon number difference between alkyl groups in a combination; 
k=constant, dependent on the smallest alkyl group in a combination. 

When eqn. 1 was applied to the calculation of retention indices of mixed tetra- 
alkylsilanes, it appeared that there were certain limitations in its utilization. Thus, 
when the equation was applied to mixed tetraalkylsilanes containing methyl groups 
bonded to silicon, deviations between the experimental and calculated retention 
indices of up to 13 index units were obtained, which is considerably more than the 
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experimental error. When applied to mixed tetraalkylsilanes with ethyl as the smallest 
group, eqn. I gave values in much better agreement with the experimental values (see 
TabIe I). In the material investigated, no mixed tetraalkylsilanes with a group larger 
than ethyl as the smallest group are present. However, it is believed that eqn, 1 may 
be used for the calculation of retention indices of all types of’mixed tetraalkylsilanes 
with good accuracy except for those which contain methyl groups. The results for the 
latter compounds are, as shown by Table 1. only approximate, the deviation amounting 
to 1-13 index units. Another method of caIculating retention indices of mixed tctra- 
alkylsilanes with methyl groups is given later in this paper. 

The reasun for the different behaviour of mixed tetraalkylsilanes with and 
without mAy1 groups is associated with the different structures of the two types of 
tetraalkylsilanes. It was previously shown’ that the correction term in the equation 
for the caIculattion of relention indices of mixed tetraalkoxysilanes (identical with the 
correction term in cqn. 1) could be obtained by summing a number of interaction 
increments arising from an assumed interaction between certain CH3 and CH, groups. 
From this group interaction point of view, the CH3CH2Si group is equivalent to the 
CH,OSi group, the CH3CHtCH,Si group to the CH3CHIIOSi group, etc., while the 
CH,Si group has no counterpart among the ROSi groups. It is thus understandable 
that eqn. 1, which is identical with the equation used for calcuIating the retention 
indices of mixed tetraalkoxysilanes, is not suitable for accurate caIculations on mixed 
tetraalkylsilanes that contain methyl groups. 

The measured change in retention index with temperature for symmetrical and 
mixed tetraalkylsilanes is given in Table IV. In the previous investigations of tetra- 
alkaxysilanes’ m2. their change in retention index with temperature was found to be 
always negative and to increase with molecular size, For the tetraalkyIsiIanes. the 
temperature increments are considerably lower and alternate between positive and 
negative values in an apparently erratic manner. However, there is also a tendency 
towards increasing negative values for larger molecules. 

With the tetraalkoxysilanesl it was shown that approximate values of lQdI/dT 
for mixed compounds could be obtained by addition of group values, derived from 
the symmetrical counterparts by division by four. When the same method was applied 
to mixed tetraalkylsilanes. the mean deviation between experimental and calculated 
values of I Od5,dTfor Apiezon L was found to be 0.35. Better agreement resulted when 
(I-IOO’carbon number) was pIotted against lQd//dT. It appeared that the points 
were collcctcd illong three straight lines, one for symmetrical tetraalkylsiIanes, one 
for mixed compounds containing methyl groups and one for mixed compounds 
without methyl groups+ T11e calculated vaIues in Table IV were obtained from the 
equations of these three straight lines (see Table VI. The mean deviation between 
experimental and calculated values by this method is 0.17 for both coIumns. 

The above relationship means that the sign and magnitude of the retention 
index temperature increment for a tetraaIkylsi1ar.e is dependent on the difference 
between its retention index and the retention in&x of the. n-alkane with the same 
number of carbon atoms. Thus, when the former index is smaller than the latter, i.e. 
the difference is negative, the temperature increment is always negative. When the 
difference is positive, the temperature increment is always positive for tetraalkylsilanes 
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TABLE IV 

COMPARISON OF EXPERIMENTAL AND CALCULATED TEMPERATURE INCRE- 
MENTS OF RETENTION INDICES FOR TETRAALKYLSILANES 

IOdI/dT(ApL) IOdi/dT(XE-60) 

Tcr?lp* E.Yptl. Calcd. TCUlp. Exp II. Calcd. 
raryc (“Cl rarlge (“C) 

Me&i 
Et&i 
Pr4Si 
BudSi 
Pe4Si 
Me&Et 
MezSiEtz 
MeSiEtn 
MenSiPr 
MezSiPrz 
MeSiPra 
MeaSiBu 
MezSiBuz 
MeSiBu 3 
MeaSiPez 
MeSiPes 
EtnSiPr 
EtzSiPrz 
EtSiPra 
EtdiBu 
EtzSiBuz 
EtSiBun 
EtaSiPe 
EtzSiPez 
EtSiPea 

80-l 20 
100-l 80 
120-180 
140-l 80 
160-l 80 
100-140 
100-140 
100-140 
120-I 60 
I 20-l 60 
120-l 60 
140-l 80 
140-l 80 
140-I 80 
160-l 80 
160-I 80 
140-180 
140-l 80 
140-l 80 
160-l 80 
160-I 80 
160-l 80 
160-l 80 
160-I 80 
160-l 80 

0 
+ 1.9 
- 0.4 
-2.0 
-3.5 

0 
+0.8 
+ 1.2 

0 
-I- 0.3 
-l-o.3 
-0.5 
- 0.4 
-0.9 
-0.3 
- 1.6 
-I- 1.4 
+ 1.3 
-1-0.8 
+1.1 
+0.7 
-0.5 
-l-1.0 
-0.5 
- 1.2 

0.1 
+ 1.9 
- 0.4 
-2.2 
-3.3 
+ 0.2 
+ 0.7 
d-l.0 
-0.1 
+0.1 
-0.1 
-0.2 
- 0.4 
- 1.0 
-0.7 
- 1.G 
+ 1.5 
+ 1.0 
+o.s 
-I- 1.2 
f 0.4 
- 0.5 
+ 1.1 

-0.1 
-1.3 

SO-120 (0) l 
100-l 50 -1-2.6 
120-l 50 t-o.7 
120-150 -0.6 
150-160 (-1.5)’ 
100-120 -1-0.7 
100-120 + 0.9 
100-120 +2.0 
120-140 0.0 
120-150 -l-O.5 
120-150 +0.4 
120-150 0.0 
120-l 50 0.0 
120-150 -0.1 

l20-150 
120-l 50 
120-l 50 
120-l 50 
120-150 
120-150 

f 2.6 
+ 0.7 
-0.6 

f0.7 
+ 1.1 
+ 1.6 
-I- 0.4 
-l-OS 
i-0.3 
+0.3 
+0.1 
- 0.5 

+2.5 f 2.4 
f2.1 f 1.8 
+ 1.2 +1.1 
+1.7 -l-2.1 
f0.8 +1.1 

0.0 0.0 

l Approximate values. 

TABLE V 

CONSTANTS IN AND CORRELATION COEFFICXENTS FOR,THE LINEAR RELATION- 
SHIP lOdl/dT=k.(I- 1OOxCARBON NUMBER)+/ FOR TETRAALKYLSILANES COL- 
LECTED IN THREE GROUPS 

Groirp Apic:otl L XE-60 

IC I r k I r 

R4Si 0.017 -0.25 0.997 0.013 + 0.63 1.00 
MenSiR -7~ 0.015 -0.50 0.95 0.015 - 0.28 0.90 
Et,,SiR,I -n 0.015 -0.10 0.96 0.017 + 0.27 0.96 
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without methyl groups, but positive or negative for tetraalkylsilaties that contain 
methyl groups. In the latter instance, the negative increment values are associated 
with smaller index differences up to about 30 index units. It can be concluded that 
the possibility of predicting reasonably accurate retention index temperature incre- 
ments for tetrsalkylsilanes not included in this study, on the basis of the equations 
given in Table V, seems to be rather good. 

Relationship between rcteniiorz indices and carbon numbers 
Although available data are limited, it seems justifiable to state that for 

homologous series of tetraalkylsilanes there will exist an approximately linear relation 
between retention index and carbon number counted from the third or fourth member 
in a series. 

Pollard et aL6 reported a linear relationship between the logarithm of the 
retention volume and the carbon number for tetraalkylsilanes belonging to the series 
R4Si-RJSiR’-R2SiR’2-RSiR’,-SiR’4. However, this is true only for certain series. 
Thus, for the seven series Me,,SiR4_-n (R =ethyl to pentyl) and Et,SiR,_, (R =propyl 
to pentyl) studied in this work, the above statement is approximately correct only for 
the two series Me,SiEt,_, and Et,SiPr,_,. For the other five series, there will be 
an increased deviation from linearity with increase in the difference in size between 
the two alkyl groups in the tetraalkylsilane, as a consequence of the increased 
departure from additivity of the group retention indices as expressed by the correction 
term in eqn. 1. Similar relationships were previously found to exist for the corre- 
sponding series of tetraalkoxysilanes. 

Retention indices of homologous sesies of mixed tetraalkylsiiartes versus retention indices 
of the symmelrical counterparts 

When the retention indices of homologous series of mixed tetraalkylsilanes were 
plotted against retention indices of the symmetrical counterparts, the points for the 
majority of the series were found to lie on very nearly straight lines. The largest 
deviation existed for the series Me,SiR on Apiezon L (see Table VI). The reported 
correlation coefficient (r=0.9995) means that when the retention indices for the 
members in the series are calculated from the equation 

I( R,SiR’ 4-J = U(R’.&i) + CI.~ (2) 

TABLE VI 

VALUES OF p.z AND qz IN EQN. 2 AND OF THE CORRESPONDING CORRELATION 
COEFFICIENT r 
-. 

R x Apiczon L XE-60 

PZ rlz r PX e r 

Me 3 0.2945 281.1 0.9995 0.2992 . 287.2 0.9998 
2 0.5702 155.4 0.9997 0.5721 159.0 0.9998 
1 0.8115 55.2 0.99993 0.8055 64.6 0.99993 

Et 3 0.2704 672.7 0.99991 0.2723 691.1 0.99993 
2 0.5330 429.9 0.99999 0.5281 448.7 0.99997 
1 0.7757 206.0 1 .ooooo 0.7706 217.7 0.99999 
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(R= Me, x= 3), taking the values of pX and qx from Table VI and the values of 
If&‘ (R’4Si) from Table I, the standard deviation between calculated andexperimental 
values will become 2.9 index units. This value is greater than the error in the index 
measurement. However, for the majority of the series in Table VI, the standard 
deviation will be comparable with the error in the index measurement. 

A relationship identical with that in eqn. 2 was recently reported for tetra- 
alkoxysilanes 2. In this case, an improved method for calculating retention indices 
for mixed tetraalkoxysilanes from the retention indices of the symmetrical counter- 
parts could be developed from eqn. 2. However, in the present instance no further 
simplification of eqn. 2 is possible. Consequently, no simple relationship exists 
among either the pX or the q, values for the three series R,SiR’-.. (x= l-3), which 
was found to be the case for the corresponding tetraalkoxysilanes (see ref. 2). 

Retention indices for homologous series of mixed tetraallcylsilarzes versus retention 
indices for tetraallcoxysilaues 

Several linear relationships exist between retention indices for homologous 
series of mixed tetraalkylsilanes on the one hand and retention indices for tetra- 
alkoxysilanes on the other. Thus, the following relationship holds for mixed tetra- 
alkylsilanes and the corresponding mixed tetraalkoxysilanes : 

(3) 

In this expression, R and x are the same throughout a series, while the R’ groups 
form a “homologous” suite (see full lines in Fig. 1). The good linearity of this 
relationship, especially for R = Me, is shown by the correlation coefficients in 
Table VII. The broken lines in Fig. 1 demonstrate that in addition to the above linear 
relationship there exists another, which concerns mixed tetraalkylsilanes, R,SiR’4_X 
(x=0-4), and the corresponding mixed tetraalkoxysilanes, where one group is ex- 
changed for another in a regular manner. However, the linearity of the correlations 
for these ser@s is not as good as for the former. 

It was previously shown iv2 that a linear relationship exists between the retention 
indices for homologous series of mixed tetraalkoxysilanes, (RO),Si(OR’)4_x, and the 
retention indices for their symmetrical counterparts, (R’O)+Si. Accordingly, it follows 
from eqn. 3 that the following relationship will be valid: 

I(R,SiR’4_,) = k21( R’O)$i -I- I2 (4) 

The values of /cz and Z2 and of the correlation coefficient r for six series on two 
stationary phases are given in Table VIII. 

The significance of a linear relationship between retention indices for two 
homologous series of compounds is as follows. There will exist a constant ratio 
between the increase in retention for corresponding compounds in the two series, 
as expressed by the change in retention index or its equivalent, the logarithm of the 
retention volume, when a CH2 group is added to the compounds in question. This is 
partly a consequence of the linear relationship between retention index and carbon 
number forihomologous series. However, the linear relationship between retention 
indices of homologous series, discussed in this section, is also valid for the first part 
of the series where the retention index is non-linear with the carbon number, For 
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Fig. 1. rl\t$ (R&i) versus Ip&L ((RO)&i). -, “homologous” lines; - - - -, exchange of 
methyl (1) for propyl (31, butyl (4) and pcntyl (5) or ethyl (2) for propyl (3) and butyl (4); -.-.-, 
exchange of methyl (1) for ethyl (2). 

TABLE VII 

VALUES OF kl AND /I IN EQN. 3 AND OF THE CORRESPONDING CORRELATION 
COEFFICIENT r 

The retention indices for the tetraalkoxysilanes used in the calculation were taken from ref. 2. 

R x Apiezotl L XE-60 

kl I1 r kl II r 

Me 3 0.9605 - 142.4 1 .oooo 1.0205 - 395.0 0.99996 
2 0.963 1 - 64.4 1 .oooo 1 .0185 - 294.0 0.99996 
1 0.9361 39.0 0.99998 0.9880 - 159.7 0.9997 

Et 3 0.981 G 79.0 0.99998 1.0336 - 100.9 0.9998 
2 0.9890 G2.4 0.9997 1 .OOOl - 69.6 0.99999 
1 0.977 70.4 0.9997 1.0091 - 93.2 0.99999 

compounds on this part of the curve, the linearity depends on the fact that the retention 
indices of the two compounds, e.g. MezSiEt, and (MeO)$i(OEt),, deviate equally 
from linearity in their respective retention index-carbon number plots. 
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TABLE VIII 

VALUES OF ka AND 12 IN EQN. 4 AND OF THE CORRESPONDING CORRELATION 
COEFFICIENT r 

The retention indices for the tetraalkoxysilanes used in the calculation were taken from ref. 2. 

R x Apierort L XE-60 

ka la r k2 12 r 

. . 
Me 3 0.2730 317.3 0.99999 

2 0.5284 225.8 0.99998 
1 0.75 17 115.6 0.9998 

Et 3 0.2583 693.6 0.99999 
2 0.5106 468.9 0.9998 
1 0.7422 264.1 0.9998 

0.2906 274.4 0.99994 
0.5564 132.9 0.99994 
0.7825 29.5 0.99990 
0.2623 682.0 0.9998 
0.5225 409.5 1 .ooooo 
0.7675 151.6 0.99999 

TABLE IX 

COMPARISON OF EXPERrMENTAL AND CALCULATED RETENTION INDICES FOR 
TRIFUNCTIONAL TETRAALKYLSILANES 

Corllporrrrd 

MeaSiEtPr 
MeSiEtzPr 
MeSiEtPrz 

Exptl. Calcd. Diff. Calcd. BgI 
(egn. 1) (eqn. 3) 

759 766 f7 758 -1 
877 886 +9 876 -1 
953 957 +4 951 -2 

Calculation of retention indices for mixed tetraalkylsilunes containing nzethyi groups 
It was mentioned that eqn. 1 was less adequate for calculating retention indices 

for mixed tetraalkylsilanes containing methyl groups. On this account, we have 
investigated the usefulness of the linear relationships discussed in the previous section 
for making such calculations. It appeared that eqn. 3 was best suited for this purpose. 
In order to test the validity of eqn. 3, some trifunctional tetraalkylsilanes were 
prepared and their retention indices on Apiezon L determined. In Table IX, the 
experimental values are compared with those obtained using eqn. 1 and eqn. 3, 
respectively. Eqn. 3 is seen to be superior, and the agreement between experimental 
and calculated values is good. This proves that all mixed tetraalkylsilanes that contain 
one methyl group lie on the 1XxX line in Fig. 1, and all mixed tetraalkylsilanes that 
contain two methyl groups on the 11Xx line. 

For the mixed tetraalkylsilanes in Table I, a similar comparison between 
experimental and calculated retention indices shows that for compounds without 
methyl groups, eqns. 1 and 3 give comparable values, while for compounds that 
contain methyl groups, eqn. 3 is superior and should be used. 

When I$j’> values for tetraalkylsilanes are plotted against the corresponding 
1?& values, it appears that the points fall satisfactorily on a straight line of equation 

1r&(R,Si) = 1 .Ol 1 l I$$j(R,Si) + 8.3 (9 
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The correlation coefficient is 0.9997 when all available data are utilized, giving 
a standard deviation of -1-4.2 index units. The fact that the relationship between polar 
and non-polar retention indices for all of the tetraalkylsilanes investigated can be 
approximately expressed by the equation of a single straight line is in sharp contrast 
to the case for tetraalkoxysilanes, in which the retention indices for each homologous 
series of compounds fell on their own straight line (see Fig. 4 in ref. 1). The reason for 
this difference is the low polarity of the tetraalkylsilanes, as previously discussed in 
connection with the dl values. 

In the case of the two-phase plot for tetraalkoxysilanes, two linear relationships 
existed. One was that mentioned above for homologous series and the other was for 
compounds belonging to the same structure group. A structure group is formed from 
compounds with the same number of CH,(a), CH,(&), CH($) and C(c) groups and the 
code is written a-b-d-e. As only compounds with normal alkyl or alkoxy groups 
bonded to silicon are considered here the code will become a-6-O-O. 

It was found that tetraalkyl- and tetraalkoxysilanes differ in the two-phase 
plot also for compounds that belong to the same structure group. In the latter case, 
there is a very good linear relationship between Ifz$ and 1?& for all compounds 
within a structure group, while for the tetraalkylsilanes there is a considerable scatter 
in the points representing a structure group. However, closer inspection reveals that, 
in fact, linear relationships exist between the retention indices for certain compounds 
within a structure group. 

This is demonstrated in Fig. 2 for the structure group 4-6-O-O. There are two 
parallel diagonal lines and three additional lines intersecting them, and the compounds 
1117-t 126-1225-2224’ and 1135-1234-2233 are collected along the two diagonal 
lines. The tetraalkylsilanes in these two series are obtained from.‘the first compound 
by the systematic transfer of a CH2 group from an alkyl group larger than propyl to 
a methyl group. The compounds 1144-l 135-1126, 1333-1234-1225 and 2233-2224 
are gathered along the three intersecting lines. These series are formed from the first 
compound by transfer of a CH2 group from a propyl group to another propyl or 
another, larger, alkyl group, or between alkyl groups larger than propyl. The signifi- 
cance of these linear relationships is that there exists a constant relationship between 
the change in 16: and lftaL for a CH2 transfer in each of the series mentioned, The 
generality of these linear relationships between tetraalkylsilanes within a structure 
group cannot be decided on the basis of the available material, and more data are 
necessary in order to answer this question. 

From a comparison between Fig. 2 in this paper and Fig. 4 in ref. 1, another 
difference between tetraalkyl- and tetraalkoxysilanes is apparent. In the structure 
group 4-6-O-O for tetraalkoxysilanes, and all other structure groups investigated, the 
compounds are eluted according to decreasing formula code. In the structure group 
4-6-O-O for tetraalkylsilanes, the elution of compounds along the diagonal lines takes 
place according to increasing formula code and along the intersecting lines according 
to decreasing formula code. This means that in both of the latter cases the elution 
takes place according to symmetry with the important difference that along the 
diagonal lines the least symmetrical compounds are eluted first and along the inter- 
secting lines the most symmetrical are eluted first. 

l The figures in the formula code denote the walkyl groups bonded to thecentral silicon atom: 
1 =methyl, 2=ethyl, 3=propyl, etc. 
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Fig. 2. Two-phase plot of 1%: versus If\toL for tetraalkylsilanes belonging to the structure 
group 4-G-O-O. 

The difference in elution behaviour of tetraalkyl- and tetraalkoxysilanes is 
perhaps best shown by comparing the elution order of the series of tetraalkylsilanes 
along the upper diagonal lines in Fig. 2 with that of the corresponding tetra- 
alkoxysilanes along the 4-6-O-O structure line in Fig. 4 in ref. 1. The two series of 
compounds, in order of elution on both Apiezon L and XE-60, are 1117-l 126-1225- 
2224 and 2224-1225-1126-1117, i.e. the elution order is reversed for the tetra- 
alkoxysilanes. Regarding the 4-6-O-O tetraalkylsilane structure group as a whole, 
the elution picture is less clear. Thus, while the tetraalkoxysilanes within a structure 
group are eluted strictly according to decreasing formula code, the elution order of 
the tetraalkylsilanes is 1117-l 144-1135-1126-1333-1234-1225-2233-2224 on the 
Apiezon L stationary phase and 1144-l 117-l 135-1333-1234-1126-1225-2233-2224 
on the XE-60 stationary phase. This is a consequence of the variation of the 81(CHz) 
values (see Table II). 

Boiling point versus retcnlion itAx 
Fig. 3 demonstrates the relationship between Ip,poL and the boiling point for 

tetraalkylsilanes in the index range 400-1200. It appears that the curve in this range 
can be approximated by two linear relationships, one valid for tetraalkylsilanes * 
containing two or three methyl groups bonded to silicon and the other for the 
remainder of the tetraalkylsilanes. The equation is 

t(T)= k*I::\,p,L+ 1 (6) 

In this expression, k = 0.2792, I = -90.2 for the first group of tetraalkylsilanes and 
k = 0.2319, Z= -58.9 for the second group. It is possible to calculate the boiling 
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point from eqn. 6 to about 1 O1 i.e. with the same accuracy as that in the experimental 
boiling point determination”. 

For comparison, retention indices and boiling points for n-alkanes have also 
been plotted in Fig. 3. The curve for rz-alkanes is seen to coincide with that for the 
second group of tetraalkylsilanes but not with that for the first group. This is another 
example of the divergent behaviour of tetraalkylsilanes that contain several methyl 
groups. The last tetraalkylsilane in Fig. 3, tetrabutylsilane (@&= 1486), lies far outside 
the n-alkane curve. Either the reported boiling point l3 for this compound is about 30” 
too low or the tetraalkylsilane curve makes a sharp turn for higher retention index 
values. The question of the appearance of the tetraalkylsilane curve outside of 
I$$‘-= 1200 cannot be decided on the basis of existing data, and a decision has to 
await the availability of further experimental results. 

n--=,1 
‘2224 

2233 
.1333 

n cm 
2223 

d 

2222 
n-c9 

1133 

on-Ce 

ll(4 1 ll?z!c7 
1113 

/ 

Fig. ?.Boiling point versus f$t: m, tetraalkylsilanes; Q, rr-alkanes. 

Identification of tetraallcylsilanes 
Tetraalkylsilan’es can be recognized as a group and distinguished from most 

other types of organosilicon compounds by their small d&values. However, the 
identification of a specific tetraalkylsilane by gas chromatography alone is by no 
means easy. As pointed out previously, the two-phase plot is less regular than for 
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tetraalkoxysilanes and there is considerable crowding of points for the various com- 
pounds, which makes the interpretation more difficult. If, however, the linear relation- 
ships found to exist within the structure groups investigated are found to be of general 
validity, it opens possibilities for a more reliable identification on the basis of the 
two-phase plot. 

It was previously shown’ that in the case of tetraalkoxysilanes, the AZ values 
were useful for the distinction of different types of compounds belonging to this 
group. For tetraalkylsilanes, some use may also be derived from this physical quantity. 
Thus, a low AZ value (~20) is an indication of the presence of only methyl and/or 
propyl groups in the molecule or at least three of these groups together with ethyl or 
butyl. On the other hand, high dZ values (>25) indicate the absence of methyl and 
propyl in the molecule. However, certain exceptions to these rules exist. Earlier in this 
paper, some rules were given for the estimation of the temperature increments for 
the retention indices for tetraalkylsilanes. These data may also be of value in iden- 
tification work. 
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