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DISCUSSION

Introduction. Polysiloxanes such as polydimethylsiloxane possess unique
properties of high water repellency, good electrical insulating properties and
low degree of variation of viscosity with temperature (1). In order to determine
whether some of these properties might be imparted to linear polyamides and
polyesters, some dibasic acids and esters containing silicon both as silane and
siloxane linkages and a diamine containing a silane linkage were prepared and
converted into polyamides and polyesters. The silicon-containing intermediates
with some of their properties and analytical data are listed on Table 1.

Polyamides containing silicon. The silicon-containing polyamides prepared
are listed on Table I1 with polymerization and polymer data. The polymers
which were melt spun into monofils are listed on Table IIT with some of their
fiber properties. The polyamides were prepared by heating the respective salts
under reduced pressure. In general the polyamides had properties which appeared
to be little different from those of their carbon analogs. (Data have not been
published for these carbon analogs that have been prepared in our laboratories.)
None of the fibers obtained could be highly oriented by drawing and all of the
polymers were amorphous as indicated by x-ray diffraction patterns. The poly-
mers did appear to be unusual in the rather slight effect of temperature on some
of their properties. For example they underwent a relatively small change in
vibrational modulus (a measure of the stiffness of a fiber when flexurally vibrated)
over a rather large temperature range. The polymers were all rather weak, hav-
ing tenacities of about 1 gram per denier and low elongations of about 5%. In
all cases the work recovery values were quite high. (Work recovery may be
defined as the ratio of work returned by the fiber on relaxing to the work required
to stretch it. Wool-like fibers generally have high work recovery.) None of the
polymers was water sensitive. The amount of water absorbed when immersed
in water ranged from 1 to 5%. The introduction of larger proportions of silicon
in condensation polymers would in all probability result in a greater variation
of properties from those of the carbon analogs. However, the problem of syn-
thesizing intermediates containing larger proportions of silicon becomes in-
creasingly difficult.

Molecular weights obtained for the polyamides containing siloxane linkages
were disappointingly low. One probable reason for the inability to obtain higher
molecular weights was the fact that the melt viscosities of these polymers were
extremely high even at 285° despite the fact that their melting points were low.
This high melt viscosity tended to make more difficult the removal of water
during the later stages of polymerization. Another reason for low molecular
weights was that the action of water on siloxanes at high temperature appar-
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SILICON-CONTAINING CONDENSATION POLYMERS 1695

ently caused some cleavage of the silicon-carbon bonds and perhaps of the sil-
oxane groups themselves. Very good evidence that cleavage of this type took
place was obtained from the fact that the titration of end groups of the poly-
amide from bis(p-aminomethylphenyl)dimethylsilane and bis(p-carboxyphenyl)-
1,1,7,7-tetraphenyl-3,3, 3, 5-tetramethyltetrasiloxane ([n] 0, 3) gave values
for amine and carboxyl ends which gave a calculated molecular weight of about
21,000. This should correspond to an intrinsic vizcosity in the neighborhood
of 1.0 as estimated from Staudinger’s equation (Ref. 4). A possible explanation
for this discrepancy would be the hydrolytic cleavage of silicon-carbon or silicon-
oxygen bonds. That cleavage of this type does take place has been demonstrated
in the case of the action of ethylene glycol on disubstituted diethoxysilanes as
described later in this paper.

Some of the fiber properties obtained from melt spun monofils of these poly-
mers are listed on Table ITI.

Polyesters. The ethylene glycol polyesters of bis(p-carboxyphenyl)dimethyl-
silane and bis(p-carboxyphenyl)diphenylsilane were prepared without difficulty
in high molecular weight. The polymerization data and some of the polymer
properties are shown in Table II. These polymers were rather low melting, the
fibers could not be oriented, and they exhibited excessive shrinkage in boiling
water. It has been found that the properties of these polymers were very similar
to those of the polyester analogs in which the silicon is replaced by carbon or
oxygen. All these polymers had rather low softening temperatures, were amor-
phous, and were not amenable to heat setting treatments which usually reduce
the degree of shrinkage of fibers in hot water.

In general it can be said that polyesters and polyamides containing silicon as
a silane have properties very similar to those of the carbon analogs. The in-
corporation of siloxane groups results in a greater variation of the properties of
polyamides. However, the replacement of a carbon atom with a siloxane group
markedly lowers the melting point of the resulting polymer. The siloxane group
cannot be incorporated into ethylene glycol polyesters conveniently due to the
ease of cleavage of the silicon-carbon bond by ethylene glycol under polymeriza-
tion temperatures. (See next topic.)

Subsequent to the completion of this work there was issued to Dow Corning
Corp., a patent (5) which describes the preparation of polymeric material by the
condensation of carboxyphenylpolysiloxane and polyhydric alcohols. As an
example tetramethyl-1,3-dicarboxyphenyldisiloxane and ethylene glycol were
heated together to give a ‘‘clear, brown resinous thermoplastic material.” The
conditions used~—namely 150° for 90 minutes, were toc mild, in the author’s
opinion, to cause appreciable cleavage of the silicon-carbon bond as described
in this paper.

Attempted polymerization of diethozy-disubstituted silanes. In order to study
the condensation of diethoxysilanes with glycols by ester interchange the reac-
tion of diphenyldiethoxysilane with ethylene glycol was investigated. When
diphenyldiethoxysilane was heated in an excess of ethylene glycol at 170°, a
vigorous reaction set in and ethanol was evolved rapidly. The glycol and silicon
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ester were not miscible and in order to mix the two together, oxygen-free, dry
nitrogen was bubbled from a capillary through the mixture. In the course of 10
to 15 minutes, the mixture became homogeneous. Most of the calculated amount
of ethanol came off within the first hour. However, upon raising the temperature
and lowering the pressure to effect polymerization of the diglycol ester, it was
found that a highly cross-linked, infusible, insoluble material was invariably
formed. Further investigation revealed that during the original ester exchange
reaction at 200°, a quantity of benzene which corresponded to the removal of
about 74% of the phenyl groups of the diphenyldiethoxysilane was collected
along with the theoretical amount of ethanol. It was thus shown that aryl groups
are cleaved from diaryldialkoxysilanes by the action of ethylene glycol, thus
producing a highly cross-linked polymer:

(CeH;):81(0OC:Hs) 2 4 2HOCH,CH,0H — (C¢H;):8i(0CH; CH.0H). -+ C.H;0H
(CH5):81(OCH,CH,0H): 4+ HOCH,CH,0H — CH;Si(OCH,CH.0H); + CH;

o
n CeHSi(OCH,CH;OH), — _Sil_OOHZCHzo* + 'i; HOCH:CH,0H
0
‘—OHZ n

To test the relative stability of dialkyldiethoxysilanes in this reaction, di-
benzyldiethoxysilane and di-n-hexyldiethoxysilane were treated with an excess
of ethylene glycol. In each case the reaction proceeded smoothly with the elimi-
nation of ethanol. However, on removal of the excess glycol by heating under
reduced pressure, an insoluble infusible material was formed indicating that the
same type of silicon-carbon cleavage had taken place. Although the products
of the exchange reaction were not identified, it seems likely that alkyl groups
also were cleaved by glycol at elevated temperatures.

Silicon esters of the general structure R,Si(OR’), were prepared by the reac-
tion of the proper Grignard reagent with ethyl ortho-silicate (2) or by the con-
densation of the dialkyl- or diaryl-dichlorosilane with the desired dry alecohol (3).

EXPERIMENTAL

Most of the intermediates prepared are listed on Table I with some properties and
analytical data.

Preparation of bis(p-carbozyphenyl)dimethylsilane. This dibasic acid was made by two
different routes, (a) condensation of dimethyldichlorosilane with p-tolylmagnesium brom-
ide and oxidation of the resulting compound to the desired acid, and (b) condensation of
dimethyldichlorosilane with the mono-Grignard of p-dibromobenzene, conversion to the
dinitrile with cuprous cyanide, and hydrolysis of the resulting dinitrile to the diacid.

Route {a): di-p-tolyldimethylsilane, In accordance with the general procedure deseribed
by Kipping (8), a solution of 564 g. of p-bromotoluene in 300 ce. of absolute ether was added
dropwise to mixture of 195 g. of dimethyldichlorosilane, 90 g. of magnesium, and 700 ce. of
absolute ether. After the reaction was started the bromotoluene was added at such a rate
a8 to maintain gentle refluxing. After complete addition the mixture was heated under re-
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flux for 2 hours then the ether was removed. The residue was heated at 160° for about 18
hours. The remaining solid was decomposed in cold water and the mixture was extracted
twice with ether. The organic layer was washed once with water, dried, and distilled. The
fraction distilling at 125-135° (0.1 mm.) was collected as di-p-tolyldimethylsilane. The
yvield was 263 g. (739%).

Anal. Cale’d for CisH2eSi: 8i, 11.7. Found: 8i, 12.3.

Ozxidation of di-p-tolyldimethylsilane. The oxidation was carried out by adding 380 g. of
KMnO, portionwise to a solution of 100 g. of di-p-tolyldimethylsilane and 250 cc. of water
in 525 cc. of pyridine while heating on a steam-bath. The permanganate was added at such
a rate as to maintain mild refluxing. After complete addition, the mixture was heated for
an additional hour and the excess permanganate was destroyed by addition of methanol.
The MnO, was removed by filtration, and the filtrate was treated with Norit and acidified
with HCl. The precipitated acid was collected on a filter, washed with water, then dis-
golved in sodium carbonate solution, again treated with Norit, and acidified with HCI.
A yield of 100 g. (63%) of acid, m.p. 190-240° was obtained.

In order to purify this acid, it was necessary to convert it to the methyl ester which
could be conveniently purified by crystallization and subsequently hydrolyzed as described
under route (b).

Route (b). Preparation of the dinitrile by the Rosenmund-Von Braun method (9). A mixture
of 85 g. {0.325 mole) of bis(p-bromophenyl)dimethylsilane (prepared from dimethyldichloro-
silane and p-dibromobenzene by the Grignard reaction), 50 g. of cuprous cyanide, and 58
ce. of dry pyridine was sealed at atmospheric pressure in a glass tube and the tube was
heated at 250° for 114 hours. During this period the contents were shaken several times.
The dark-colored liquid reaction mixture was cooled and then poured into ether. After
stirring for a few minutes the mixture was filtered and the dark-colored solid residue was
washed thoroughly with ether.

The ether solution was washed several times with concentrated ammonium hydroxide,
then with dilute HCI, and finally dried over Na:,80, and then evaporated to dryness. The
residual oil was dissolved in 150 cc. of ethanol, treated with Darco, and allowed to crystal-
lize. After one recrystallization from ethanol there was obtained 49 g. (82%) of dinitrile of
sufficient purity for conversion to the dibasic acid. Purification for analysis was effected by
geveral recrystallizations from 3:1 hexane-benzene mixture.

Anal. Cale’d for Ci¢HiN.8i: N, 10.70; 8i, 10.71.

Found: N, 10.84; 8i, 10.87.

Hydrolysis of bis(p-cyanophenyl)dimethylsilane. A solution of 146 g. of the dinitrile and
292 g. of KOH in 880 cc. of ethanol and 480 cc. of water was heated at reflux for about 6
hours. The solution was partially neutralized with HCI, treated with Norit, and acidified.
A white precipitate was collected, washed, and dried. The yield of crude aeid, m.p. 185~
230°, was 148 g. (89%).

In order to purify the acid it was converted to the methyl ester by refluxing with 900 ce.
of absolute methanol and 15 ce¢. of conc’d H,80, for about 4 hours. Complete solution of the
acid resulted after about 15 minutes refluxing. About one-half the methanol was removed
and the residue was allowed to cool after treating with Norit. The product which crystal-
lized weighed 83 g. after washing and drying, and melted at 81.5-83°.

The mother liquor from the above filtration was concentrated and distilled. About 13 g.
of methyl benzoate was obtained from the distillation. Assuming that the benzoic acid was
formed by cleavage of the silicon-benzene linkage during hydrolysis of the dinitrile, this
would represent about 17.4% of the dinitrile. From the residue of the above distillation
was isolated 17 g. of an ester, m.p. 54-59°. This ester was purified by reerystallization from
4 parts of hexane at —40°. It had a saponification equivalent of about 200 and molecular
weight of about 407. The compound was shown to be the methyl ester of tetramethyl-1,3-
big(p-carboxyphenyl)disiloxane by its independent synthesis from p-tolyldimethylehloro-
silane as described below. This ester was hydrolyzed by refluxing in ethanol with the
theoretical amount of KOH. The acid was precipitated by acidifyiug the solution and was
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purified by redissolving in sodium carbonate, treating with Norit, and reprecipitating. The
acid melted at 223-232° and had a neutral equivalent of 183. (Theoretical, 187)

The methyl ester of big(p-carboxyphenyl)dimethylsilane was hydrolyzed in the follow-
ing manner: A mixture of 83 g. of the ester, 30 g. of KOH, 42 cc. of water, and 380 cc. of
ethanol was refluxed for 2 hours. The mixture was poured into an equal volume of water,
washed with ether, treated with Norit, and acidified with HCL. A yield of 68.5 g. (91%) of
acid, Neut. Equiv., 161 (Cale’d, 150.0) was obtained. After one recrystallization from 340
cc. of dichlorobenzene containing sufficient glacial acetic acid to bring about solution, the
acid melted at 280-287° and had a neutral equivalent of 153.2.

Since the completion of this work the preparation of bis(earboxyphenyl)dimethylsilane
has been described in a patent (7) issued to the Dow Corning Corporation, Two methods
were described: (a) oxidation of ditolyldimethylsilane with alkaline permanganate, and (b)
carbonation of the Grignard reagent of dibromophenyldimethylsilane. A melting point of
288° (with decomposition) was reported for the diacid.

bis(p-Carbozyphenyl)diphenylsilane was prepared in the same manner by oxidation of
the corresponding ditolyldiphenylsilane (10).

Preparation of bis(p-aminomethylphenyl)dimethylsilane. A charge of 85 g. of bis(p-cyano-
phenyl)dimethylsilane, 100 ce. of liquid ammonia, and 10-15 g. of Raney nickel were shaken
in a bomb at 125-130° and 5000 p.s.i. hydrogen pressure for 3 hours. After cooling, the cata-
lyst was removed by filtration and the mixture was distilled. A viscous oil, b.p. 180-190°
(0.5 mm.), N. E. 140.36, was obtained. Upon cooling this material crystallized. It was re-
crystallized from a mixture of one-half its weight of absolute aleohol and twice its weight of
abgolute ether by cooling to —40°. A yield 26 g. of white crystals, m.p. 46~47° was obtained.

Anal. Cale’d for C1¢H,No81: N, 10.68. Found N, 10.36.

Preparation of 1,3-bis(p-carbozyphenyl)tetramethyldisilozane. 1,3-Bis(p-tolyl)tetra-
methyldisilozane. This material was prepared by the hydrolysis and concurrent dehydra-
tion of p-tolyldimethylehorosilane (obtained by the Grignard reaction from dimethyl-
dichlorosilane and p-tolymagnesium bromide). Since completion of this work the prepara-
tion of dimethyltolylehlorosilane has been deseribed in a patent (11) issued to the Dow
Corning Corporation. Trimethylehlorosilane and toluene were heated in a bomb at 400°
in the presence of a boron or aluminum halide to give dimethyltolylehlorosilane. A boiling
point of 110-114° at 30 mm. was reported. The tolyldimethylchlorosilane, 250 g., was placed
in a separatory-funnel with 1,000 cc. of ether and was shaken with successive proportions of
cold water until the water was no longer acidic. The ether layer was then dried over Drierite
and the ether was removed. The liquid residue was distilled and a yield of 157 g. (749%) of a
clear colorless liquid, b.p. 139-141° (0.2 mm.), was obtained. A benzene solution of this ma-
terial did not react with sodium metal indicating the substance to be the disiloxane and
not the silanol.

Ozidation of 1,3-bis(p-tolyl)tetramethyldisilozane. This was carried out in the manner
described above for oxidation of di-p-tolydimethylsilane. The acid was purified by con-
version to the methyl ester and subsequent hydrolysis. Some properties and analytical
data are listed on Table I.

Preparation of 1,7-bis(p-carbozyphenyl)-1,1,7,7-tetraphenyl-3,8,6,6-tetramethyltetrasil-
ozane. This compound was prepared by eondensing p-tolyldiphenylsilanol with 1,3-di-
chlorotetramethyldisiloxane in the presence of pyridine. The disiloxane was prepared by
partial hydrolysis of dimethyldichlorosilane (12). The p-tolydiphenylsilancl was prepared
by the hydrolysis of the corresponding chlorosilane.

p-Tolyldiphenylsilanol. The tolyldiphenylchlorosilane (prepared from p-bromotoluene
and diphenyldichlorosilane by the Grignard method) was hydrolyzed by shaking an ether
solution with water as described above for p-tolyldimethylchlorosilane. In this case the
free silanol, rather than the disiloxane was isolated. It was identified as the silanol by the
fact that the benzene solution reacted with sodium and also because the material could be
dehydrated to a new compound. Dehydration was carried out by heating a mixture of 72 g.
of the silanol and 4 cc. of 0.1 N NaOH at 218° for 1.5 hours, during which time water was
eliminated. The temperature was then raised to 260° for 1 hour and the melt was allowed to
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cool. The product was purified by recrystalllization from heptane and a yield of 66 g. of the
disiloxane, m.p. 156-158° was obtained. The analytical data shown on Table I confirmed the
identity of this material as 1,3-di-p-tolyltetraphenyldisiloxane,

Condensation of p-tolyldiphenylsilanol with 1,8-dichlorotetramethyldisilozane. A solution
of 51 g. of the dichlorodisiloxane was added slowly and with constant stirring to a solution
of 145 g. of the silanol and 60 g. of pyridine in 400 ce. of dry benzene, while maintaining at
room temperature was heated at reflux for about 2 hours. It was then poured into water,
ether was added, and the organic layer was washed several times with water, after which
it was dried over CaCls. The ether and benzene were then removed by warming on a steam-
bath at reduced pressure. The residue was a viscous colorless liquid weighing 169 g. It was
finally induced to erystallize to a rather waxy solid, m.p. 47-52°. All attempts to recrystal-
lize this material from such solvents as petroleum, ether, alecohol, benzene, acetone, ete.
were unsuccessful even at very low temperatures. For this reagson the material was oxidized
directly to the acid without further purification.

Oxidation of the 1,7-di-p-tolylietrasilozane. The oxidation was carried cut in the manner
already desecribed using KMnQ, in aqueous pyridine. Repeated recrystallization of the iso-
lated reaction product from a benzene-hexane (1:2.5) mixture gave a white crystalline
material, m.p. 117-122°. However, after heating in a vacuum oven at 100° overnight the
material had a neutral equivalent of 389 (Cale’d, 383) and a melting point of 150-152°. It
wag assumed that the acid had originally erystallized as a partial hydrate.

Attempted preparation of 1,56-bis(p-tolyl)hexamethylirisilozane. An attempt was made to
prepare this compound first by condensation of p-tolyldimethylsilanol with dimethyl-
dichlorosilane. However, attempts to prepare p-tolyldimethylsilanol always resulted in the
disiloxane instead. Apparently this material dehydrates very readily to form the disiloxane.

Since this silanol could not be isolated readily an attempt was made to prepare it in
solution and condense it directly with the dimethyldichlorosilane. The tolyldimethyl-
chlorosilane was hydrolyzed at 0°. Nearly the theoretical amount of 1,3-di-p-tolyltetra-
methyldisiloxane, b.p. 130-147° (2 mm.) was obtained. Apparently the p-tolyldimethyl-
silanol undergoes self-condensation preferentially.

Diphenyldiethozysilane. The preparation of this material will serve to illustrate the
method of preparation of disubstituted diethoxysilanes. This substance may be prepared
in two ways: {(a) by the action of phenylmagnesium bromide on ethyl silicate or (b) by the
aleoholysis of diphenyldichlorosilane with absolute ethanol (6). The latter approach ap-
peared to give a product of greater purity. The diphenyldichlorosilane was a sample sup-
plied by the Dow Corning Corporation, This material was distilled before using, b.p. 119-
120° at 0.8 mm. pressure. A total of 253 g. of diphenyldichlorosilane (1 mole) was added
slowly to 800 cc. of absolute alecohol while stirring and heating at the reflux. When the addi-
tion was complete 180 g. of pyridine was slowly added, after which the solution was refluxed
for 2 hours. The solution was then poured into ice-water and the aqueous layer was washed
with ether. The combined organie layer and ether washings were washed with water, dried,
and then distilled. A yield of 192.5 g. (75%), b.p. 100-110° (0.07 mm.) n2 1.5250 was obtained.

Polymer preparation. Polyamides. In general the polyamides were prepared by a salt
fusion technique consisting of heating the salt in a sealed evacuated tube for -2 hours at
220° followed by an atmospheric heating stage at 260-285° in an atmosphere of nitrogen
and finally & finishing stage under high vacuum using a nitrogen bubbling capillary for
agitation. The sealed tube stage was found to be somewhat detrimental to polyamides
containing siloxane groups apparently due to the fact that the water at high temperature
and under pressure caused some cleavage of silicon-carbon bonds.

Solt preparation. The salts prepared along with some of their properties are listed on
Table II. The preparation of the hexamethylenediamine salt of bis(p-carboxyphenyl)-
dimethylgilane will illustrate the general method of preparation: A solution of 12.8 g. of
61.29; hexamethylenediamine solution in methanol (49, excess) was added to a warm solu-
tion of 20 g. of bis(p-carboxyphenyl)dimethylsilane in 500 cc. of ethanol. The flocculent salt
precipitated immediately and after cooling was collected, washed with cold alcohol, then
with ether, and dried. The yield was 26 g. (94%) and the salt melted at 215-220°. Due to the
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insolubility of this salt in aleohol, water, or mixtures thereof, its pH or point of inflection
was not obtained.

Polyesters. The preparation of the polyester from bis(p-carboxyphenyl)dimethylsilane
and ethylene glycol will be described in order to illustrate the method used. A charge of 5.5
g. (0.017 mole) of bis-p-(carbomethoxyphenyl)dimethylsilane, 3.2 g. (0.052 mole) of ethylene
glycol, and 0.006 g. of zine borate was placed in a glass tube of about 14 mm. diameter and
a small boiling stone wag added to facilitate ebullition. The tube was heated in an atmos-
phere of nitrogen at 200° for 6 hours during which time the theoretical amount of methanol
was collected as the distillate. The charge was then heated for 2.5 hours at 259° to remove
most of the excess glycol. The polymerization was completed by heating for 7 hours at 258°
and 1-2 mm. pressure, while bubbling nitrogen into the melt through a capillary tube to
provide agitation.

Polymer evaluation. Sticking temperature. The sticking temperature of a polymer was
taken as that temperature of a polished copper block at which a chip of polymer, when
rubbed against the block, would stick and begin to melt. This temperature is of more
practical than theoretical value and should not be taken as the true melting point of the
polymer.

Fiber preparation and processing. The polymers were converted into monofil ibers by
mechanically extruding the melted polymer from a spinneret. Monofils of 50-100 denier
were obtained. None of the fibers could be drawn to a very great extent and all were drawn
at elevated temperature. After drawing, the fibers were subjected to heat-setting treat-
ments by holding the fibers at fixed elongation in boiling water 30~60 minutes. The physical
properties obtained for the fibers were measured on conventional equipment designed for
that purpose.

Acknowledgement. The author wishes to express his appreciation to Dr. R. C.
Houtz for his assistance and guidance during the course of this work.

SUMMARY

Silicon has been incorporated into several organic dibasic acids and a diamine
from which high molecular weight polyamides and polyesters have been pre-
pared. In general the polymer properties differed only slightly from those of
analogous carbon compounds.
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