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SUMMARY 

A modified equation for the calculation of retention indices of mixed tetra- 
alkoxysilanes from retention indices of the symmetrical counterparts is given, This 
equation is compared with the corresponding equation reported in a previous paper, 
and found to be more accurate. It is shown that the temperature dependence of re- 
tention indices of mixed tetraalkoxysilanes can be derived from those of the sym- 
metrical counterparts with fair accuracy. A comparison is made between retention 
indices obtained on different stationary phases and different types of columns. It is 
inferred that the equations derived are valid for any column. 

INTRODUCTION 

In theprevious paper’, it was shown that retention indices of mixed tetraalkoxy- 
silanes can be calculated with fair accuracy by using eqn. I : 

I( RO)*Si = &‘f(RO)Si + C(~*~-JZ)~~_~~ (1) 

where 
RO denotes a normal alkoxy group; 
I(RO)Si = group retention index; 
n = combination, number; 
d = difference in carbon numbers between combined alkoxy groups; 
k = constant dependent on the smallest alkoxy group in a combination”. 

It was also shown that the retention indices of homologous series of mixed 
tetraalkoxysilanes were linear functions of the retention indices of the symmetrical 
cbunterparts (see eqn. 2). The way in which this fact can be utilized for calculating 

* For further explanation, see ref. 1. ‘. 
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retention indices of mixed tetraalkoxysilanes is the main subject of this paper. In ad- 
dition, the temperature dependence of the retention indices of tetraalkoxysilanes is 
discussed and a comparison made between retention indices measured on packed and 
capillary columns. 

EXPERIMENTAL 

The experimental details are given in ref. I. The main difference between this 
and the previous investigation was that capillary columns were chiefly used in the 
present work. Thus, the retention indices in Table I were measured using Perkin- 
Elmer capillary steel columns (SO m x 0.25 mm) containing Apiezon L and cyano- 
silicone XE-60 as stationary phases. For comparison, some measurements were also 
made using packed steel columns (2 m x l/8 in. O.D.) with Apiezon L and a load- 
ing of 4 and 10% (w/w). These values are listed in Table VII. 

For the determination of accurate retention indices, a computer method, re- 
cently described2 by the author, was utilized. 

RESULTS AND DlSCUSSlON 

Improved nwthod for calculating retention indices of mixed tctraalkoxysilanes 
It was previously shown’ that a linear relationship according to eqn. 2 holds 

for retention indices of homologous series (RO),Si(OR’).,,: 

I(RO),Si(OR’)4_x = pJ(R’O)Z+i + q;c (2) 

where 
R’>R; 
x = 1,2 or 3; 
(RO), = the fixed part of the mixed tetraalkoxysilane; 
(R’O),+_, = the changing part of the mixed tetraalkoxysilane, i.e., R’O = 

MeO, EtO, n-Pro, etc. ; 4 

px and qx are constants. 
Experimental and calculated retention indices of six homologous series mea- 

sured on Apiezon L and XE-60 capillary columns are given in Tables I and II. Table 
III gives the values of px and qw in eqn. 2 and the correlation coefficient Y for these re- 
tention indices. It can be seen that a very good linear relationship exists, especially 
for the Apiezon L retention indices. In order to calculate retention indices of com- 
pounds that belong to the three series (RO),Si(OR’).+_, (x = l-3) from the reten- 
tion indices of compounds Si(OR’)*, three pr constants and three qx constants are 
needed. However, it can be shown that the px values for the three series are related 
and that the same is true for the qS values. This reduces the number of constants 
necessary for calculating the linear relationship in eqn. 2. 

If the group retention indices* were additive, the following relationship should 
hold : 

I(RO),Si(OR’)4_Z = [(4--x)/4]1(R’O)&li + [x/4]I(RO).$li (3) 

* The group retention indices, I(RO)Si, are obtained from the retention indices of symmetrical 
tetraalkoxysilanes, I(RO)&i, by division by four. 
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TABLE I 

COMPARISON OF EXPERIMENTAL AND CALCULATED RETENTION INDtCES OF 
TETRAALKOXYSILANES 

Apiezon L capillary column. 
-- 

Compound r&p 

Exprl. Calcd. Difl Calcd. Diff. 
cqrr. I’* cqrr. 7 

- 
(McO).+Si 668.2 
(EtO),Si 851.5 
(PrO)&i 1162.3 
(BuO)dSi 1483.2 
(MeO)&iOEt 720.9 
(MeO)di(OEt)z 769.5 
MeOSi(OEt)l 812.1 
(MeO)sSiOPr 808.2 
(MeO)zSi(OPr)z 938.2 
MeOSi(OPr)J 1056.2 
(McO)$3iOBu 900.7 
(McO)$%(OBu)z 1113.7 
MeOSi(OBuh 1308.1 
(EtO),,SiOPr 931.9 
(EtO)lSi(OPr)z 1010.5 
EtOSi(OPr)s 1087.7 
Ir?.A\ nzrrm.. .A.II x 
\GCU~~JlUDLl 1u113.0 
(EtO)&5i(OBu)z 1177.5 
EtOSi(OBt.03 1333.5 
(PrO)sSiOBu 1243.0 
(PrO)&(OBu)z 1323.0 
PrOSi(OBuh 1402.0, 
(MeO)sSi(OPr)OBu 1025.9 
McOSi(OPr)aOBu 1141.1 

723.0 
772.0 
814.7 
809.7 
939.2 

1056.8 
899.0 

1111.7 
1306.5 
932.8 

1011.7 
1088.2 
l fi.11 II I”IP.0 
1177.0 
1332.5 
1242.5 
1322.8 
1403.0 
1025.5 
1140.0 

MeOSi(OPr)(OBu)z 1224.5 1223.3 

-1-2.1 
-l-2.5 
-l-2.6 
-l-1.5 
41.0 
i-0.6 
-1.7 
-2.0 
-1.6 
i-0.9 
i-1.2 
-l-O.5 

0.0 
-0.5 
-1.0 
-0.5 
-0.2 
-I-l.0 
-0.4 
-1.1 
-1.2 

720.7 -0.2 
768.8 -0.7 
812.4 i-0.3 
809.2 -1-1.0 
938.5 f0.3 

1056.2 
900.5 -“0:“2 

1113.7 0.0 
1308.0 -0.1 

932.8 -t-0.9 
1011.7 i-1.2 
1088.2 CO.5 
*ntx 0 t Ix- I”1 0.0 -l-“.& 
1177.2 -0.3 
1332.7 -0.8 
1242.5 -0.5 
1322.8 -0.2 
1403.0 -1-1.0 
1026.1”’ -l-O.2 
1140.2*** -0.9 
1224.1**’ -0.4 

* The slope of the linear part of the plot of log r’, versus carbon number for n-alkanes at 160’ 
was 0.226. 

** The k values are 3.0, 1.2 and 0 for Me0 Et0 and Pro, respectively. 
*** Eqn. 8 was used. 

-Asx= 1, 2 or 3, (4-.x)/4 will become 0.75, 0.50 or 0.25 and k/4 will become 0.25, 
0.50 or 0.75. The former values correspond to px in eqn. 2. Comparison with, for 
example, the Apiezon L px values of (MeO),Si(OR),,_, in Table III shows that the 
group retention indices are non-additive. We can write 

(x = 1) px = 0.7852 = 0.75 + 0.0352 = 0.75 + 3 .0.0117 
(x = 2) px = 0.5449 = 0.50 + 0.0449 = 0.50 + 4.0.0112 
(x = 3) px = 0.2846 = 0.25 + 0.0346 = 0.25 + 3 so.01 15 

Accordingly the general equation for calculating px will become 

PX = pt rf- nek’ (4) 

where 
Pt = the theoretical p value (4--x)/4 (x = i-3); 
n = the combination number’ = x(4-x), i.e., 3 or 4; 

-, 
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TABLE II 

COMPARISON OF EXPERIMENTAL AND CALCULATED RETENTION INDICES .OF 
TETRAALKOXYSILANES; EXPERIMENTAL dl VALUES 

XE-60 capillary column. 

Compourtd 

Exprl, Calcd. 
egqrr. I” 

(MeO)$ii 909.2 
(EtO)dSi 1011.0 
(PrO),Si 1295.1 
(BuO)&Si 1601.8 
(MeO)JSiOEt 944.2 
(MeO)zSi(OEt)z 972.3 
MeOSi(OEt)S 993.5 
(McO)$!+iOPr 1023.9 
(MeO)&(OPr)z 1126.7 
MeOSi(OPr)s 1217.3 
(MeOhSiOBu 1112.8 
(MeO)$Ii(OBu), 1295.4 
MeOSi(OBu)& 1458.3 
(EtO)JSiOPr 1083.6 
(EtO)$ti(OPr)z 1155.0 
EtOSi(OPr)s 1226.4 
(EtOXSiOBu 1166.6 
(EtO)$ii(OBu)z 1317.5 
EtOSi(OBu)j 1463.2 

944.3 +0.1 943.5 
972.9 +0.6 971.8 
995.2 +1.7 994.3 

1024.9 +1.0 1024.6 
1127.8 +1.1 I 127.4 
12i7.8 +o.s 1217.6 
1111.2 -1.6 1112.3 
1293.9 -1.5 1295.3 
1457.5 -0.8 1458.5 
1086.3 +2.7 1085.3 
1158.6 +3.6 1157.5 
1228.3 -l-1.9 1227.4 
1167.1 -I-OS 1166.5 
1317.6 +0.1 1316.8 
1462.5 -0.7 1461.9 

Diff. Calcd. Diff. 
cqtr. 7 

-.--- 

-0,7 
-0.5 
-l-O.8 
+0.7 
i-o.7 
+0.3 
-0.5 
-0,l 
+0.2 
+1,7 
i-2.5 
-l-I.0 
-0.1 
-0.7 
-1,3 

241 
159.5 
132.8 
118.6 
223.3 
202.8 
181.4 
215.7 
188.5 
161.1 
212.1 
181.7 
149.9 
151.7 
144.5 
138.7 
150.0 
140.0 
129.7 

* As the XE-60 stationary phase has a recommended maximum temperature of ISO”, the 1%: 
values were obtained by extrapolation. The slope of the linear part of the plot of log I’, versl~s carbon 
number for rr-alkanes at 150” was 0.199. 

l * The k values are 3.2 and 1.2 for Me0 and EtO, respectively. 

TABLE III 

VALUES OF px AND qs IN EQN. 2 AND OF THE CORRESPONDING CORRELATION 
COEFFICIENT, Y 

RO x Aplezorr L capillary colrtmrr Xi560 capillary colrrmrt 

PX qx ‘r PI qx r 

Me0 : On2846 478.1 0,99997 0.2854 655.1 0.99996 
0.5449 305.3 1mOOO 0.5469 419.0 0.99999 

1 0.7852 143.5 1.OOOOO 0.7862 198.8 1.OOOOO 
Et0 3 0.2609 629. I 0,99999 0.2634 743.9 0.9998 

2 0.5161 411.5 0.99999 0.5189 485.2 0.99992 
1 0.7630 201.5 0,99999 0.7655 236.4 0.9998 

k’ = constant dependent on the kind of RO group, i.e., the smallest group 
present. 

qx can be treated in a similar manner. Thus, we can write 

qx = q’J(RO),,Si (5) 
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the calculated and experimental values for the Apiezon L stationary phase is 0.5 index 
units using eqn. 7 and I .2 index units using eqn. 1. The corresponding mean devi- 
ations for the XE-60 stationary phase are 0.8 and 1.2 index units, respectively. 

Eqn. 1 was used previously’ for calculating the retention indices of a large 
number of mixed tetraalkoxysilanes with fair accuracy. The advantage of this equa- 
tion is its simplicity, as only one constant is needed for each pair of alkoxy groups 
in a combination. Using eqn. 7, one constant is also sufficient in certain instances, 
but in others, two are necessary. This makes eqn. 7 more laborious to apply, but 
more accurate values are obtained. 

In the foregoing, only mixed tetraalkoxysilanes (RO),Si(OR’)4_x with RO = 
Me0 and Et0 have been considered. A more general equation for calculating the re- 
tention indices of mixed tetraalkoxysilanes is 

I( R,O)$i = CJ(Ri,O)Si + C~~[lc’l(R,~O)dSi--k”I(R,~~O)4Si] (8) 

where 
R,JZ = R,t, R,pt, etc., up to four different groups; 
O.R,p and OR,lt = alkoxy groups in a combination (R,e > R,tt); 
I(R,O)Si = group retention indices, obtained from retention indices of sym- 

metrical tetraalkoxysilanes by division by four; 
k’ and k” for different combinations are taken from Tables IV and V. 
Eqn. 7 is a special case of eqn. 8. In order to test eqn. 8 on a larger number of 

mixed tetraalkoxysilanes, k’ and k” for different combinations were calculated from 
the experimental data obtained in the previous investigation, in which packed 
columns with Apiezon M and XE-60 were utilized’. The values of k’ and k” are 
collected in Table V, and should be usable for calculating retention indices of all 
types of mixed tetraalkoxysilanes with normal alkoxy groups. The group retention 
indices and indices of symmetrical tetraalkoxysilanes needed are taken from Tables 
IV and V of the previous paper’. 

TABLE v 
VALUES OF k’ AND k” IN EQN. 8 FOR PACKED COLUMNS 

RO Apkzorr M, 160” X&60, 160” 

k’ ” k k’ k” 

Me0 0.0094 0.0071 0.0099 0.0070 
Et0 0.0049 0.0056 0.0050 0.0052 
PrO 0.0028 0.003 1 0,0032 0.0036 
BuO 0.0015 0.0015 0.0015 0.0016 

Temperature dependence of retention indices, its calculation and use for ident$cation 
purposes 

It was previously reported’ that the temperature dependence of retention in- 
dices of mixed tetraalkoxysilanes could be calculated from the increments of the sym- 
metrical counterparts by using eqn. 9 : 

,lO[dl/dfl(RiO),,Si = Z{ lO[dJ/dTJ(R,O)Si} (9) 

where R x = R,R’, etc. (up to four different groups), and the right-hand expression 
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Fig. I. Dependence of retention indices on column temperature. 0, (Pro)&; I, (MeO)&G(OJ&. 
XE-60, capillary column. 

Fig. 2. Chromatograms showing 
XE-60, capillary column. 

the separation of (PrO),Si and at 160” and J 200. 

phase, are plotted against each other, the points align themselves along imbricated 
straight lines. The same has been found to be the case for tetraalkoxysilanes (see 
Fig. 3). 

These lines are equivalent to the structure lines previously discovered in the 
If&M versus I y: two-phase plots’. All cqmpounds on the same structure line in Fig. 3 
have the same number of CHJ, Cl-&, CH and C groups. The structure code is written 
a-b-d-e where a indicates the number of CH3 groups, etc., and d and e are always 
zero as the tetraalkoxysilanes studied contain only normal alkoxy groups. Two struc- 
ture lines are shown in Fig. 3, along which the. tetraalkoxysilanes are arranged ‘by 
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that this change in retention is caused by the slow evaporation of the stationary phase 
during the early life of the column. 

Two packed columns containing 4 and 10 % (w/w) Apiezon L were compared. 
It can be seen in Table VII that there is a considerable difference between the two sets 
of retention indices, those from the 10% column being the highest. This difference 
could be caused by a decrease in the retention times of the reference n-alkanes on the 
10% column and/or an increase in the retention times of the tetraalkoxysilanes. 
However, there is no obvious explanation for either change. 

Comparison between the various sets of retention indices shows that there is 
a distinct similarity between the values from the aged Apiezon L capillary column and 
from the packed column with 10% Apiezon L. Both of these materials were obtained 
from Perkin-Elmer (Norwalk, Conn., U.S.A.). A peculiarity is the fact that the two 
packed columns with 4 % Apiezon L and 4 % Apiezon M gave more dissimilar reten- 
tion indices than the latter column and that with 10% Apiezon L. 

These results verify the above-mentioned difficulty of reproducing retention 
values. However, it should be pointed out that in the previous work’ numerous 
columns containing 4 % Apiezon M, from one batch, and applied on carriers from one 
batch, gave reproducible retention indices within the limits of experimental error. It 
therefore appears that reproducible columns may be prepared if suitable precautions 
are taken. The percentage of stationary phase should be kept constant and care should 
be exercised when using capillary columns so as to ensure that the retention indices do 
not change with time. 

An important result of the present investigation is that although the retention 
indices obtained may differ from one column to another, the equations previously 
derived for the calculation of retention indices can always be applied. Only the set of 
group retention indices to be used changes while the same k values can be employed 
for all the Apiezon L columns in Table VII. It therefore appears that although the 
set of group retention indices deduced from the experimental data, obtained on a 
certain column, is primarily useful for calculating and comparing retention indices 
obtained on the same or a closely similar column, the k values have a more extensive 
use and can be applied to data from different columns containing the same stationary 
phase. 
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