3990

1) indicates that each compound shows its own
polarographic behavior irrespective of the pH of the
medium (Fig. 2). The diffusion currents obtained
for the first wave of azoxybenzene at the same con-
centrations {Tables II and III) change very little
when studied alone or in the presence of hyvdrazo-
benzene and indicate that very little reaction oc-
curs between the two compounds. The results for
liydrazobenzene iu general substastiute this con-
clusion. Complicatious, however, arise in compari-
sons with this compound if traces of oxvgen are
present, since hvdrazobenzene is very casily oxi-
dized to azobenzene. The presence of the latter puts
nart of the polarographic curve observed for hyvdra-
zobenzene above the zero Lne of the galvanometer
(polarograms E and D in Fig, 2). The occurrence of
such a reaction was found ouly at pH 2.0 (47%), 5.1
(199,), 6.2 (129,) and 11.1 (319,). The concentra-
tion of azoxybenzene in these buifers, as indicated
bv the diffusion currents, was decreased signifi-

1

3‘[.
d 2
= 2
E 1‘L < /o
S !
Or ie
1L//' . \ —
—05 —10 —1.3

Eq.e vs. S.C.E., volts.

Fig. 2.—Polarograms for cis-azobenzene, azoxyheluzene
and hydrazobenzene in a buffer of pH 5.1: A, cis-azoben-
zene; B, azoxybenzene; E, hydrazobenzene; C, residnal
current; D, mixture of livdrazobenzene and azoxvbenzene.
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cantly only in the buffer of pH 11.1. The combined
curve for hyvdrazobenzene and azobenzene uuder
these circumstances was tot materially increascd
and points to some other reason for the decrease in
current observed.

The polarographic results obtained not only indi-
cate that cis-azobenzene is a definite compound but
also preclude the occurrence of a reaction between
hvdrazobenzene and azoxvheuzene i the pH region
of 2.0 to 11.1 to form trans- or cis-uzobenzene,

‘The shift in hall-wave potentials of hydrazoben-
zerte in the presence of zzoxybenzene illustrates the
sensitivity of this svstem to the presence of maxi-
nuun suppressors and other compounds in the solu-
tion.

The polarographic behavior of azoxvbenzene in
this work parallels to a great extent the results re-
ported recently.” Due to the more concentrated
buffers employed in this work the hall-wave po-
tentials when plotted against pH in the range of 2 to
7.5 gave a line with a slope of 0.081 v. as against the
0.1 v. reported.” Tu the pH range of 7.5 to 11 the
half-wave potentials were not constant but showed
a slight increase with an increase in pI.

In the present investigation a sccond wave was
obtained at a pH 2.0 which was approximately
equal to one half of the first wave in height and
pointed to the further reduction of azoxybenzene to
aniline, This wave appeared in the buffer of pH 3.0
but was coniplicated by the appearance of the ad-
sorption wave which has been found previously
with hydrazobenzene and ¢is- and (rans-azoben-
zenes.? The latter wave was found also in oue of
the acetate buffers.

(73 G. Cosea, Aun. Oriestini univ, Trsedle, Sez. 2, 2123, 1135 (1933).
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The Partial Hydrolysis of Methyltriethoxysilane

By M., M., SpruNG AND F. O, GUENTHER
RECEIVED SEPTEMBER 17, 1954

The action of three molar equivalents of water and catalytic amounts of acid on a benzene solutiou of mmethyltriethoxy-

silane gave small yields of distillable liquids.
“end groups.”

or 259, of the calculated quantity of water, complex mixtures of linear and cyclic products resulted.

These are principally cyclic polysiloxaiies having hotl ethexyl and hydroxyl
In alcohol solution, under similar conditions, only polymeric '‘methylsilicone gel” was obtained. Using 50

Iu the former case,

the two major products isolated are a monocyclic polysiloxaue (1,3,5,7-tetraethoxy-1,3,5,7-tetramethylcyclotetrasiloxane)

and a closely related bicyclic structure.

I1tO{CH(Et0)Si0], Et, with ininor amounts of the cyclic products, |CH:(EtO)Si0],, where » is 3 to 5.

In tlie latter case the products are mixtures of the linear partial hydrolysis products,

Under certain

conditions, it is possible to isolate small amonnts of subliable solids having the composition, (CH;SiO..5),, where # is prob

ably 6 and 8.

Introduction

Trifunctional silanes of general structure RSiXj,
where R is an alkvl or arvl group and X is a func-
tional group such as halogen, alkoxy or acyloxy,
produce cross-linked polymeric structures when
hydrolyzed. Among organic silicon products, these
structures are at present least well understood.

The characterization of partial hydrolysis prod-
ucts of trifunctional silanes was undertaken some
vears ago by Andrianov.!?  Several alkyltriethoxy-

(1) K. A. Andrianov, J. Gen. Chem. (USSR), 8, 1255 (1938);
C.A., 88, 4193 (1939).

(2) K. A. Andrianov, J. Gen. Chem. (USSR), 16, 633 (1946);
C.A., 41, 1206 (1947).

silanes were hydrolyzed in alcohol with considerably
less than equivalent quantities of water. The
high-boiling, distillable products obtained were of
the general tvpe C,H;O[R(C:H,0)Si0],CoH;,
where R was ethvl], isobutyl, isoainyl and #n-hexyl;
and 7, fixed roughly by the molar ratio of water to
triethoxysilane, varied from 2 to 7. Andrianov
and Breitman? hydrolyzed diphenyldichlorosilane,
pheuyltrichlorosilane and equimolecular mixtures
of the two by passing moist air into heated chloro-
benzene solutions. Diphenyldichlorosilane and the
mixture gave crvstalline products which were not

(3) K. A. Andrianov and B. M. Breitman, J. Gen. Chem. (USSR),
17,1522 (1947); C.A., 42, 2230 (1848),
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further characterized, and phenyltrichlorosilane
gave a brittle solid of m.p. 103-107° and 19.819,
silicon content.

Fletcher and Hunter? isolated a series of linear
polyethoxymethylsiloxanes formed by partial hy-
drolysis of methyltriethoxysilane. These products
were similar to those described by Andrianov,?
and corresponded to the formula C,H;O[CH;-
(C,H;0)8101,C:Hs, where 7 was in this case 2 to 5.

Tamborski and Post® isolated the linear dimer,
trimer and tetramer of the general formula CH;0-
[CH;(CH;0)Si0],CH;, as by-products during the
preparation of niethyltrimethoxysilane from
methyltrichlorosilane and methanol.

A preliminary discussion of the kinetics of hy-
drolysis of trialkoxysilanes, methyltrialkoxysilanes
and tetraalkoxvsilanes has appeared recentlv.®

Linear polyalkoxysiloxanes having no organic
substituents attached directly to silicon were pre-
pared by Morgan, Olds and Rafferty” from silicon
tetrachloride and methylisobutyl carbinol or 2-
ethylhexanol, by stepwise hydrolysis and conden-
sation reactions. These products were, in general,
easily distillable liquids, and several contained free
silanol groups.

The isolation and identification of organic silanols
has claimed the attention of numerous investiga-
tors; yet the total number of authentic members
of this class can be confined to a one-page table.®*
Several interesting examples of this relatively
unstable class of compounds have been described
more recently. !

The isolation of organic silanetriols has presented
an even more formidable problem, since there was
not an authentic sample on record until the isola-
tion of phenylsilanetriol was announced very re-
cently by Tyler. 1!

Complex polymeric silanols certainly exist in the
hydrolvsis products of many halogeno or alkoxy-
silanes, and in conventional silicone resins. For
example, brittle polymers obtained by hydrolysis
of vinyltrichlorosilane were reported recently by
Wagner, et a/., to have as high as 9.5% silanol
hydroxyl,!? So far, no generallv effective means
have been found for the isolation and characteriza-
tion of these complex intermediates,

Barry and Gilkey!® disclosed the very interesting
low molecular weight, polycyclic hydrolysis prod-
ucts (2-C;H-Si01.5)s, (CoHsSiOrg)s and  (n-CyaH,-
Si0,.;)s produced by heating initially oily hydrolysis

(4) . J. Fletclier and M. J. Hunter, Turs Jourxal, 71, 2022
(1949).

(5) C. Tamborski and I, W. Post, J. Org. Chem., 17, 1400 (1952).

(6) H. Reuther, Z. anorg. anal, Chem., 272, 122 (1953),

(7) C. R. Morgan, W, F. Olds and A. L. Raflerty, THIS JOURNAL,
78,5193 (1951).

(8) E. G. Rochow, ""An Introduction to the Chemistry of the Sili-
cones,”” 2nd ed., John Wiley and Sons, Inc., New York, N. Y., 1951,
. 182,

° (9) C. A. Burkhard, E,
Chem. Revs., 41, 124 (1947).

(10) G. R, Lucas and R. W. Martin, THIS JOURNAL, T4, 5225
(1952); K. C. Frisch, P, A. Goodwin and R. E. Scott, ibid., T4, 4584
(1952); L. A, Sommer and L. J. Tyler, ibid., 76, 1030 (1954); J. F.
Hyde, ibid., 76, 2166 (1953); S. W, Kantor, ibid., 75, 2712 (1953).

(A1) L. J. Tyler, ibid., 77, 771 (1955).

(12) G. H. Wagner, D. L. Bailey, A. N, Pines, M. L. Dusthum and
D. B. Mclntire, Ind. Eng. Chem., 45, 367 (1953).

(13) A.J. Barry and J. W. Gilkey, U.S. Patent 2,465,188, March 22,
1949,
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products of the corresponding alkyltrichlorosilane
with powdered alkali.

Thus, only a few relatively simple cyclic products
have been isolated from hydrolysis products of
trifunctional silicon compounds, and polycyclic
structures usually have not been characterized,
although it is evident that many must exist. They
might be expected to be related structurally to the
high-temperature cracking products obtuined by
Scott!* from hydrolyzates of mixtures of methyl-
chlorosilanes and silicon tetrachloride, described as
methylpolycyclopolysiloxanes and 1ethylspiro-
polvsiloxanes in the molecular weight range 300 to
600. The dilficulty of isolating such complex
cyclic interniediates without resorting to cracking
or other destructive procedures is accented both
by the paucity of existing data and by the known
labile unature of structurally similar products,
The study of such intermediates is not only interest-
ing in itself, but is also likely to furnish useful
information about the miore highly polymeric
products with which they are normally associated.

Hydrolysis in Benzene with the Theoretical
Amount of Water.—Methyltriethoxysilane, dis-
solved in benzene, was treated first with the
quantity of water calculated for formation of the
hypothetical triol, MeSi(OH);, using HCI as cata-
lyst. The initial reaction product was liquid
except for a small amount of “methylsilicone gel.”
After filtering, it was distilled directly under vac-
uum until the residue gelled. Only a small frac-
tion was distillable.

Percentage analyses of the distillate from several
runs, gave the following averages: C, 25.2; H,
5.9, Si, 34.6; OH, 2.7; OC,H; 16.8; mol. wt,,
503, Infrared analvses confirmed the presence of
appreciable amounts of silanol. These analytical
data do not conform to a single empirical formula.
However, since carbon-silicon bonds are not
affected by the mild conditions involved, and since
ethoxyl and hydroxyvl must be present, in a sense,
as "‘end groups,” two ewnpirical formulas can most
reasonably be entertained: namely, C,iHj3Si60,
and C,oHuxSis0. These differ significantly by a
molecule of water. Unique structures cannot be
assigned either species. However, reasonable struc-
tures are suggested if it is assumed that oaly 6-
and 8-membered polysiloxane rings are present;
these are, of course, the most frequently encoun-
tered ring sizes in polysiloxane chemistry, The
composition CyeHj3,510, could be represented by a
structure containing two condensed cyclotetra-
siloxane rings, as in Ia, or two adjoined cyclo-
trisiloxane rings, as in Ila; and the composition
C1oHsSi5040 could be represented most simply by
IIL.®

Less likely isomeric structures also can be
written, and possibly a mixture of several isoniers
is actually present, since there are numerous ways
in which siloxane bond closures hypothetically can
occur. The important point is, of course, the high
degree of intramolecular “‘cross-linking’’ which must
be assumed to account for the data. By reasonable

(14) D. W, Scott, Turs JourNaArL, 68, 356 (19406).

(15) Species having more or less than this number of ~-OH groups

and (compensatingly) less or more —OC:Hs groups conceivably may
be present {n small amounts,
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analogy, it is apparent that a multiplicity of such
small rings also must be present in the high poly-
meric resinous structures forumed nnder similar
circumstances.

Increased vields of the volatile comnonents could
1iot be obtained by running larger batch hydrolyses,
The longer times involved led iustead to decreuased
vields. Hydrolvsis could be accomplished without
the acid catalyst, but this strategem resulted in
the formation of more gel, aud less distillable oil,
rather than more.

Hydrolysis in Alcohol Solution.—Hydrolysis in
ethanol solution with three molar equivalents of
water gave insoluble methylsilicone gel as the sole
product; no liquid or even resinous internediates
were obtained. With 1.5 mniolar equivalents of
water, a good vield of distillable oil was obtained.
However, this oil contained a highly complex mix-
ture of products. Redistillation into eleven frac-
tions was accomplished in an efficient fractionating
column. Only one of these was a fraction of con-
stant boiling point that conformed, analytically,
to a single, reasonable composition. This product
is similar to I or II, but contains four residual
ethoxy groups instead of two, and has no iree silanol

groups. The cmpirical formula is (CHs)eS1:0:-
{OCyHs)s. Reasonable structural assignments are

1,3,57,9,11-hexamethyl-1,3,7,9 - tetraethoxv - 5,11-
epoxyceveloliexasiloxane  (Ib)  or  bis-1,3,5-tr1-
methvl-3,5-diethoxveyclotrisiloxyl  ether  (Ilb).
Other less likely isomeric forms again are coi-
ceivable.’ A lower-boiling fraction of constant
composition was apparently an azeotrope of 1,3,3-

(16) The infrared absorption spcstrum of this fraction shows a
relatively strony peak at 9.4 u, generally associated with metlys-
cyclotetrasiloxane rings. There is no absorption peak at 9.8-9.9 4,
where hexamethvievclotrisiloxane absorbs strongly. Other features
of the curve, however, were difficult to interpret. Therefore, on this
lsasis alone, it is not possible to conclide that the structure is entirefy
thiat of Ih, exclusive of 1D
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trimethyl-1,1,3,5,5-pentaethoxytrisiloxane (pre-
viously described by Fletcher and Hunter)* and
1,3,5,7 - tetraethoxyv - 1,3,3,7 - tetramethylcyclo-
tetrasiloxane. Other fractions contained mixtuses
of homologous linear and cyclic polysiloxanes,

With 0.75 mole of water per mole of methyltri-
ethoxysilane (this approximates the molar ratio of
Fletcher and Hunter's alkaline hydrolysis) the
vicld was 100 g. of distillable oil from a 1-mole run.
Redistillation into 39 cuts was effected, but only
five of these represented the mid-points of well-
defined *‘flats.”” Analyses indicated that only the
lowest-boiling of the mid-cuts was pure; this
was the linear dimer, 1,3-dimethyvl-1,1,3,3-tetra-
ethoxydisiloxane. The higher-boiling “flats’” were
mixtures of the straight-chain polymer-homologs
having 4. 4, and 5 silicon atoms, with the cor-
responding  polvethoxyimethyleyvelopolysiloxanes.
Under alkaline hydrolysig conditions, Fletcher and
Hunter obtained these particular partial hydrolysis
products, free from cyclic by-products.

Total Hydrolysis Products.——The usual total
hydrolvsis product of a methyltrialkoxy or methyl-
trihalosilane, so-called “T-gel,”” has the empirical
composition (CH,SiO1.;),. It is a granular, in-
soluble, infusible, and generally intractable solid.
Molecular weights have not been assigned to this
type of product for obvious reasons.

The formation ol T-gel frequently is observed
during partial hydrolvsis experiments.  Sometimes
small amounts uf solids having the general appear-
anee of T-gel are formed which, however, are found
to be quite different on closer examination. Whereas
T-gel can be heated above 250° in vacuwn without
appreciable physical change, slow sublimation could
be accomplished with several of these solid by-
products under sivnlar conditions. The sublimmates
usually did not melt below 300°. In one experi-
ment, however, the sublimable, high melting solid
was accolnpanied by a very sinall amount of o lower
melting (~210°) solid, from which it was separated
by fractional subliination. The two compounds
had the same enpirical compositiout.

Tt is believed that the chief component of these
high-melting sublimates is the completely con-
densed, cage-like molecule having eight silicon
atoins, with one methyl group attached to cach
silicon (IV). For lack of a simple systematic
nane, the designation “octamethy! Ts™ is used for
this molecule. It is quite likely that Scott’s!?
sublimable cracking product was, in fact, "octa-
ricthyl Ts.”  Barry and Gilkey!? suggested similar
structures for their evelic hydrolysis products.

The lower melting sublimable solid was recog-
nized as a polymer homolog., It could differ from
“imethyvl T by any uwultiple of the unit C;HgS1,0s.
That is, it could be “methyl Ts.” Ty~ T ...
ete., but not “methyl Ty, which is presumably
sterically impossible. The determined molecular
weight is very close to that calculated for 'hexa-
methvl Tg,”” V.

Re-examination of several distillates obtained
from partial hydrolysis products of 1nethyltri-
ethoxysilane disclosed that very small amounts of
“methyl Ty {requently were present in solution,
especiallv i the lower boiling fractions. By
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appropriate treatment it again was possible to
isolate small amounts of this completely condensed,
cyclic product.

2ir o

Fig. 1.—Photograph of ‘““octamethyl Ts,”’ constructed from
Fisher—Hirschfelder models.

Figure 1 is a photograph of a Fisher—Hirschfelder
model of ‘“octamethyl T, in which the highly
symmetrical, cage-like character of this molecule is
illustrated. A model of ‘“‘hexamethyl Ts’ cannot
be constructed satisfactorily. Figure 2 is a view
of the nearly completed model, showing the spatial
relation of the 6- and 8-membered rings and the
resulting dissymmetry. Figure 2a shows the
extent to which the model fails to allow closure of
the last ring.

(le, CIH3 CH, ?Ha
/Sli 0 -—-;Si Sli\ 0'—/5i
crH“'O | (I:H,O 0 cH, O
i lo— g}/ | \SI b
1 v
‘ (o} ‘ 0 o] i 0
' |
J l I
0 I
,li—--O— ===ig] Sll——-O —~——SI|
10/ CH’ [ 0 CH’ CH! 0 O/CHS
Sri, U—Sl'r/ Si/
CHs CHs éH'

Octamethyl Ts (IV) Hexamethyl T (V)

Experimental

Hydrolysis of Methyltriethoxysilane in Benzene with
Three Molar Equivalents of Water.—One mole (178.4 g.)
of methyltriethoxysilane (Dow—Corning Corp., 99% pu-
rity, b.p. 143.5°), dissolved in 500 ml. of C.p. benzene, was
stirred rapidly, and the mixture heated to boiling (81 °) under
a reflux condenser. Three moles (54.0 g.) of water con-
taining 0.2 ml. of 35.49, HCIl was added in 15 minutes.
The temperature dropped to 68.0°; then, as heating and
stirring were continued, the equilibrium liquid temperature
dropped to 64.6° in one hour. A modified Dean-Stark
trap was attached, and 33 ml. of aqueous distillate was re-
moved in one hour at 64.7-65.5°. This contained some
ethanol and benzene and some of the HCI, in addition to
water. The solvents then were distilled (500 g., b.p. to
81°, d. 0.85, n%p 1.4640, containing approximately 134 g.
of ethanol and an additional 11 ml. of aqueous distillateg.
The residue (106.5 g.) was filtered to remove suspended gel
(1.0 g.), and subjected to vacuum distillation. After
residual solvents were removed, 10.2 g. of oil boiling at 130~
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Fig. 2.—a: photograph of model of ‘hexamethyl Ts,”
showing 6 and 8-membered polysiloxane rings. b: reverse
side of “hexamethyl Tg,"’ showing failure of model to allow
complete ring closure.

140° at 3 mm. came over. The remainder (60.5 g.) then
rapidly gelled. The final pot temperature was 200°.
A run with double the quantities of reagents yielded
only 6.3 g. of oil, and resulted in 128.5 g. of gelled resin.
Table I summarizes the data obtained in a number of
similar runs.

Anal. Caled. for CyoH30Si0n: C, 24.4; H, 6.1; Si,
34.0; OH, 6.9; OC,Hs, 18.2; mol. wt., 495.7. Calcd. for
CmHggSisOm: C, 25-3; H, 5-9; Si, 35.4; OH, 0.0; OCzHa,
18.9; mol. wt., 477.7. Found (oils from runs 1, 2, and 5):
C, 25.9, 25.5, 25.0; H, 6.0, 5.9, 6.5; Si, 34.3, 33.2, 33.9,
35.7; OH, 2.5, 2.4; OC.H;, 17.6, 17.0; mol. wt., 478, 525.
Caled. for (Ci16HsSii2O20)n: C, 21.4; H, 5.4; Si, 37.5;
OC,H;, 10.0. Found (gel from run 2): C, 20.9; H, 5.6;
Si, 376, OCQHs, 9.0.
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TaBLE [
HyproLysIS oF METHYLTRIETHOXYSILANE IN BENZENE WITH THREE MOLLS OF WATER
— I'roducts: -
MTS,2 Bellzene Wt., Obad. b Gel, Resin,
Run moles ml, g. . Mm. 1%p q. g.
1 0.5 500 2.0 133-1535 15 11.2 16.5
2 1.0 500 10.2 13D~-141 3 1.4168 1.0 55.9
3 2.0 1000 6.3 120-139 1 1.4223 1.0 128.5
4 1.0 1000 11.5 135-145 1 1.4168 25.0 32.5
5 1.0 1000 7.0 125-135 1 1.4208 30.0 30.0
6° 1.0 1000 5.2 130--135 3 1.4183 30.0 34.0
9 0.5 500 6.6 100--165 0.4 . 14.5 14.0
* Methyltriethoxysilane. * No catalyst nsed. ¢ Distillation through the Dean-Stark trap omitted,
TABLE 11
Hyprorvsis IN EtHANOL w1TH 1.5 MOLAR EQUIVALENTS OF WATER
) . Vol. B.p., °C. Analyses, % -
Fraction ml, at I mm. 729 C b Si OCyils Mol wrt.
2 1.5 107-108.5 1.3998 30.5 8.2 25.9 50.2 399
Caled. for C13H351;0; (B) 4.5 S.8 21.8 h8.4 RESSIRE!
Caled. for 85% (A) + 15%% (B) 590D 7.9 25.6 44.6 N30
7 1.5 143-144 1.4060 20,89 6.9 29.6 531
Calcd. for C“Hsgsie()u 30.5H 7.0 30.5 SalLy
TasLg 111
Hyprorvsis 1N Etuanon wiTH 0.7) MOLAR EQUIVALENT OF WATER
I p. ———————Analyses, §mm—— .
I'raclign eC. AYSTTH HELH o C IR Mol wt.
8. 9,1 85.5 11 1.3911 0,454 45.3 n.7 2057
43.1) 9.5
21 91.5 10 1.3912 L0053 42.0 9.2
31, 32 119.5 7.3 1.3955 D86 30.2 8.8 142
44 99 0.7 1.3972 1.0604 38 .4 a1 362
49, 30 120 A 1.3983 1.006 37.6 8.7 448
58 138 .5 1.4004 1.022 36.9 8.5 607
The empirical formula (CigHysS11200)s represents a com-  cuarried out in a spinniug-band column under vacumm. The

position still having, on the average, one functional group
per three silicon atoms.

Hydrolysis in Ethanol.—Iyvdrolysis of 1 nole of inethyl-
triethoxysilane dissolved in 1000 ml, of ethanol with 3
moles of water and 0.2 ml. of coucentrated HCl was accou-
plished in 20 ininmutes at the boiling point. IEighty minutes
then was required to remove tlie major portion of solveut
and water. Upoun further concentration at 33-40° under
100 to 110 nun. pressure, virtually complete gelation oc-
curred within 30 minutes. No distillable product was
observed.

Hydrolysis of 0.5 mole of methyltriethoxysilane in 500
ml. of absolute ethanol with 1.5 molar equivalents of water
(13.5 g.). coutaining the equivalent of 2.5 ml. of 0.5 N
HCl, was accomplished in 1.5 hours at the reflux tempera-
ture. The crude distillate obtained after strippiug solvents
weighed £8.7 g., boiled over the rauge 81-208°at 0.3 to 0.8
mn., and had an ethioxyl content of 34.29;. Tie resin,
wliich weighed 16.5 g. and had 26.99% ethoxyl. was a stiff,
guminy, balsain-like, thermoplastic material.

Redistillation of the volatile oil into 11 fractions was ac-
complislied under 1 mni. pressure in a precision columun of
the spinning-band type. Data concerning two fractions
are givenl in Table II,

The miajor coustituents of both fractious 2 and 7 are
cyclic polysiloxanes. The compound C;2H38105 is 1,3,5,7-
tetraethoxy-1,3,5,7-tetramethylcyclotetrasiloxane. The
sample isolated apparently contains a minor proportion of
the coungeneric straight-chain comnpound, 1,1,3,5,53-penta-
ethoxy-1,3,5~trimethyltrisiloxane, The compound Cy-
I—ﬁiSieOn can be represented most simply by structure Ib or
1

The acid-catalyzed hiydrolysis of a mole of methyltrieth-
oxysilane in absolute ethanol with 0.75 mole of water gave
100 g. of a limpid oil boiling between 48 and 190° at 3 mm.
and 8.5 g. of a highly viscous, gummy residue, Careful
refractionation of the oil from two ruus into 59 fractions was

distillation curve is skown in Fig. 3. Table 1II summarizes
tlie properties of six fractions which seemed to be uniform in
composition, but which actually turnced out to be mixtures
i1 all but one casc.

I'ractions 8, 9, 11), 21 and presumably the intermediate
fractions 11 to 2) arc uearly pure 1,3-dimethyl-1,1,4,3-
tetraethoxvdisiloxiate (ealed.: C, 42.6; 1, 9.2; mol, wt.,
282.4).  The higher-boiling fractions listed in Table 111
coutain from 65 to SOT, of the higher linear polviner-—
liomologs, CoH;0{CH3(CH;0)810],CoHs, where nis 5, 4, 0r 5.
The cyclic component of each imixture is probably the
correspouding cyclopolysiloxane, [CH.(C.11;0)510],.

Co-hydrolysis of Methyltriethoxysilane and Methyltri-
chlorosilane . —Three-eiglitlis 1nole of eacl component was
dissolved in 730 1nl. of beuzene. The water (40.5 g.) was
added in 29 minutes at 5-10%, after whicli the tauperature
wis riised slowly to boiling (69 °) and held there for an honr.
Lvolved 1HCI gas was trapped in an absorbur contuining
aqueous caustic,  After ronoval of solvents, 13.8 g. of gel
wus filtered off.  On further leating mnder vacumm, the
residual charge (34.2 g.) gelled.

In a sccond attempt, the benzeune solution was washed
repeatedly with sodimm bicarbonate and sepurated fromi 7.8
g. of gel before distillatipn was begun.,  After stripping
solvents, vacunm distillation resulted in 4.9 g. of volatile
oil, b.p. 112-165° at 1 mun. The distiliation residue (32.5
g.) was a brittle, thernioset resin.

This distillate was allowed to stand at roo:n temperature
for over n year, at which time it had gelled. The gel was
then crushed in a wortar and transferred to a snblination
chamber held under abont .4 mm. pressure. With the
temnperature held at 120--130°, 0.17 g. of solid sublinied wnd
was collected on the cold finger. It was dissolved in ben-
z21¢, the solution filtered aund the filtrate evaporated to
dryuess in a nitrogen streamm.  This subliinate was soluble
in beuzeune, cther, pentane and acetoue. It was crystal-
lized fromn 3-4 inl. of acetone, giving 0.07 g. of tiny, color-
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less, rod-like crystals, m.p, 210-211° uncor, witli prelimi-
nary softening at about 202°, Because of the limited sam-
ple available, further purification was impossible,

Anal. Caled. for (CHSiO14)a: C, 17.9; H, 4.5; Si,
41.8. Found: C, 16.9; H, 4.9; Si, 40.0.

The temperature in the sublimation chamber was now
raised further. After 2 hours at 180-220° and 0.5 mm.,
0.06 g- of a second sublimate was collected. This product
did not melt below 330°, the limit to which the melting
point apparatus could be raised.

A half mole each of methyltrichlorosilane and methyltri~
ethoxysilane were then hydrolyzed in 500 ml. of benzene
with 27.0 ml. of water (509, of the stoichiometric amount)
in 13 minutes at 4-9°. The mixture was warmed slowly to
the boiling point (65°) and maintained at 64.5-67.5° for 75
min. Insoluble ‘“T-gel”’ weighing 8.6 g. was filtered off.
The benzene solution was concentrated until the vapor tem-
perature reached 86° and the liquid temperature was 113°.
The viscous liquid (80.5 g.) gelled upon attempted dis-
tillation under vacuum, after only 0.73 g. of distillate was
obtained. The gelled residue was transferred to a sublima-
tion chamber, and, upon heating at 170-210° and 0.5-0.6
mm. for 2 hr., 1.2 g. of a semi-solid product was collected.
This was combined with the earlier distillate, and the part
that did not dissolve in hot acetone (0.25 g.) was resublimed
by heating at 185-195°at 0.5 mm. pressure, This gave 0.20
g. of a colorless solid, m.p. >330°, insoluble in benzene,
pentane, acetone, chloroform and carbon tetrachloride.

Based on its close resemblance to a better characterized
product obtained upon hydrolysis of methyltri-n-butoxysil-
ane, this high melting solid is presumably ‘‘octamethyvl
Tg.””

Anal, Caled, for (CH3SiO1.5).: C, 17.9; H, 4.5; Si,
41.8. Found: C, 18.3,18.3; H, 4.4, 4.7; Si, 41.3,

Isolation of ‘“Hexamethyl Ts’’ from Hydrolysis Products
of Methyltriethoxysilane.—The oily distillates from several
hydrolysis experiments were observed to contain very small
amounts of solids that settled out slowly upon standing.
In a typical example, a distillate weighing 11.5 g., b.p. 120~
143°at 1 mm., obtained upon hydrolysis of a mole of methyl-
triethoxysilane in benzene with 3.0 moles of water, was
allowed to stand at room temperature for several weeks.
A slightly sticky solid (0.63 g.) was filtered off. Upon heat-
ing at 86-120° at 0.7-0.9 mm, for 140 min. almost tlie en-
tire sample sublimed. Upon crystallization from acetone,
however, only 0.065 g. was recovered, m.p. 200-210°. The
original oily distillate next was redistilled through a small
Vigreux column (!/4* X 12¥). An intermediate fraction
(3.24 g., b.p. 113-121° at 0.9 mm.) slowly deposited more

(17) A larger amount of ""methyl T-8'' was isolated from a hydrol-
ysis product of methyltri-n-butoxysilane, and its molecular weight
was ascertained from vapor density measurements, It is assumed te
be identical with the sublimate described above on 1he basis of the
sublimation temperature and rate, general appearance and analytiral
data.
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solid (0.45 g.) upoun standing iu a freeze cliest. After crys-
tallization from acetone, there was thus obtained 0.08 g.
more of purified solid, m.p. 209-210°.

Several small lots of this solid, obtained as described
above, were combined, resublimed, and again crystallized
from acetone, m.p. 210-211 ° (uucor.) in a sealed tube. The
solubility and superficial appearance werce the saine as were
described above.

Anal. Caled. for CiHisS10,: C, 17.4;
wt., 402.66. Found: C, 18.1; H, 4.5; wol. wt., 374.

Infrared spectrograins of ''hexamethyl T¢"” aud “'octa-
methyl Ty’ also were obtaiued, botli as Nujol inulls. Both
curves confirmed the complete absence of silanol, and
showed no features inconsistent witl the nssued structures.
Evidence was sought for the presence of six-rneinbered
(cyclotrisiloxane) rings in ‘‘licxamethyl Ts,’’B but an un-
equivocal answer to this question was 1ot obtained.

Analyses.—For determination of alkoxyl, samples of suit-
able weight to give 0.03 to 09 g. OR were refluxed in
aqueous aO% potassium lhiyvdroxide. Solution usually was
compleu in 0.5 hour. Free alcohol wus distilled directly

{18) C. W. \oum,, P. C. Servais, C. C. Carrie and \. J. Ilunter,
TH1s JourNar, 70, 3758 (1948).

H, 4.5; mol.
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from tlie alkaline solution and wascollected asa water-alcohol
mixture. The alcoliol was determined by measuring the
percentage absorption at 475 mu in 5-mm. cells of the col-
ored complex formed witlh ammoniuin liexanitrato cerate.¥

Silanol usually was determined by reaction with methyl-
magnesium iodide in dibutyl etlier solution. In some cascs,
lithium aluminum hydride was used instead of tlie Grignard
reagent. It is believed that the Grignard method, as ¢m-
ploved for this work, is accurate to within 5 or, at most,
10%. Silanol values usually were checked qualitatively by
infrared spectrograms.

The molecular weight determinations were carrivd omt
cryoscopically in benzene.

Acknowledgment.—We are indebted to E. M.
Hadsell for precision distillations, to various mem-
bers of the Aualytical Chemistry Unit of this
Laboratory for elementary analyses and molecular
weight determinations, and to C. A, Hirt for the
infrared absorption curves,
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Appreciable yields of distillable liquids result from the acid-catalyzed reaction of three wmolar equivalents of water with

ethyltriethoxysilane in benzeue solution.
and residual ethoxyl groups.
with an alkaline catalyst.

predominantly straight-chain polysiloxanes.

The major components are polycyclic polysiloxanes that contain frec silanol groups

Lower yields are obtained in ethanol solution with an acid catalyst, and only gels are obtained
If sinaller amounts of water are used, the major products are first less highly cyclic, and finally
Several ethoxy-substituted linear and mouocyclic polysiloxanes were isolated.

Co-hydrolysis of equimolar mixtures of ethyltriethoxysilane and ethyltrichlorosilane gives products similar in physical

properties to those derived from the trialkoxysilane aloue, but with much less residual ethoxyl and silanol.
high-melting solid obtained in small amouuts was identified as octa- (ethylsilsesquioxane), (C;H,S101.5)s.
solid frequently present in eveu smaller amnounts was identified as hexa-(ethylsilsesquioxane),

Introduction

The distillable liquids isolated in low vields
when methyltriethoxysilane was treated with three
molar equivalents of water in benzene solution are
principally complex polveyclic polysiloxanes with
ethoxvl and hvdroxvl end-groups.! It was of con-
siderable interest that complex silanols survived
the rigorous catalytic and thermal treatment
involved, including distillation at high still-pot
temperatures.

Ethyltriethoxysilane is considerably more stable
toward hydrolysis. Under the standard conditions
previously described (4.e., 1.5 moles of water allowed
to react with 0.5 mole of the alkoxy silane, dissolved
in 500 ml. of benzene and stirred rapidly at the
boiling point')}, about 2.5 to 3 hours is required to
reach the equilibrium conditions that are estab-
lished. An acid or alkaline catalyst must be
employed. Two high-boiling fractions were ob-
tained: (1) b.p. 149-158° at 1 mm., #®p 1.4263;
(2) b.p. 167-176° at 1 mm,, »%p 1.4308. The
residue was a heavy, balsam-like liquid, in con-
trast to the gelled resin obtained from methyl-
triethoxysilane, The results of ultimate analyses,
ethoxyl, hydroxyl and molecular weight deter-
minations are shown in Table I. Infrared spectra
of the distillable fractions confirmed the presence

(1) M. M. Sprung and F. O. Guenther, THIS JourNal, TT, 3390

(1958).

A sublimable
A lower melting
(C H SlO1 )s

of Si-OH, Si-OC,H; and Si—-C,H; bonds (peaks at
2,93, 773 and 7.99 u). The two infrared curves
were nearly indistinguishable.

TaBLE 1

Hyprorysts Propuers OBTAINED wiTH THREE MoLar
EQUIVALENTS OF WATER

Fraction Fraction
1 2 Residue
Mol wt. (in
belzenel 540 574 1167, 1330

Carbon, % 33.9 33.1 31.8
Hydrogeu, % 7.4 7.3 6.9
Silicon, % 29.2 24.9 31.2
—0GC:H,, % 15.6 13.5 9.2
—OH, 9, 4.0 4.3 (av. of )

The close siwilarity of the analytical constants,
and the trends from lower to higher molecular
weight components, suggest that the individual
components are very closely akin. The data for
the lower boiling fraction conform closely to those
required for a compound of the empirical composi-
tion C.H3S1:04: 1.e., <C2H5> SI5OG(OC2H5) (OH)
(caled.: mol. wt., 488./, C, 34.4; H, 74; Si
28.7, ~OC,Hs, 18.4; —OH, 3.5%). The analytical
data for the higher boiling fraction do not lead

(2) Reasonable stiuctural formulas would bec 5,7-diethoxy-(3,9;-

epoxy-1-hydroxy-1,3,5,7.9-pentaethyleyclojentasiloxane  «r  |,7-di
ethbrxy-(3,9)-epoxy-s-hydroxy-1,3,5.7,9 pentaethvicyclopentasdovane



