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ABSTRACT

Although methods for making linear polymers of dimethylsiloxane
(i e., silicon@rubber) from the corresponding cyclic siloxanes have been
known for 20 years, no method for preparing a corresponding linear poly-
mer of dimethylsilazane from the cyclic silazanes had been found when this
work began. The only available process for obtaining sol:d polymeric di-
methylsilazane of any kind was that discovered by Carl Kriiger, ARPA Re-
search Fellow in 1962-64, the product of this method was crosslinked through
tertiary nitrogen atoms through an unavoidable side reaction.

A study of the kinetics and mechanisms of the Kriiger condensation re-
vealed that the evolution of ammon.a which brings about the crosslinking
could be suppressed by conducting the reaction under a pressure of ammo-
nia. In fact, polymerization of cyclic fdimethylsilazane could be accomplished
by heating the silazane under ammonia pressure alone, without any Kruger
catalyst. An equilibrium mixture resulted, from which a low yield of linear
polymer was isolated. ' Elemental analysis, NMR sprectra, and infrared
ahsorption spectra all prove that this product is indeed linear polymer com-

posed of a multiplicity of {CH,),Si-NH- units. The process is described,

3)2

and variations of it are reported. Methods for improving the yield and for

increasing the molecular weight now are being sought.
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SILAZANE. POLYMERS
by

George Redl
Department of Chemistry

Harvard University, Cambridge, Massachusetts

INTRODUCTION

The work to be reported here forms a part of a long-term project
of the investigation of nitrogen-containing organosilicon polymers at Har-
vard University.

‘The interest in this field has been stimulated by the very rapid
progress in the chemistry and industrial application of oxygen-containing
organosilicon polymers {(the silicones). A further incentive has been to
learn more about the fundamental chemistry of the siiiL;on-nitrogen bond.
One of the reasons why progress with silazane polymers has been so much
slower than that with the silicones is the strong tendency for silicon-nitro-
gen systems to form small ring compounds where, by analogy with siloxanes,
polymers would be expected.

For example, while the hydrolysis oi dimethyldichlorosilane yields,

besides cyclic siloxanes, about 50°/o of linear siloxane polymer

giiez Me; Me
H,0 g’ } §i—o—-s$
Me ,SiCl —_— Me 1 i Me, + +
zmme 2 No ¢ &G04
Me2 Me2
HO- (Me ,~ Si- O)_H (1)

The ammonolysis of the same compound results almost exclasively ir the
formation of the cyclic products hexamethylcyclotrisilazane (I) and octamethyl-

cyclotetrasilazane (II).
..1..
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Mez Mez Me

2
Si
o NH, gN \ver il—NH—--stz
Me,SiC *~. Me, Si SiMe, + HN NH (2
) > Mep S oMo i NH - 12)
H Si— NH—Si
I Mez Mez
i1

Furthermore, the cyclic siloxanes can be converted into linear
polymers by equilibration with catalysts such as sulphuric acid or potas-
sium hydroxide. Sulphuric acid and other oxygen-containing strong acids
destroy the silicon-nitrogen bond, while potassium hydroxide is either
completely ineffective, or, at sufficiently high temperatures {above IOOOC),
it attacks the carbon-silicon bonds of organosilazanes. So neither type of
reagent can be used as equilibration catalyst.

Aramonium salts have been used as catalysts for a number of re-
actions of silicon-nitrogen compounds, and their role can be considered
as that of a mild acid catalyst in the ammonia system, incapable of con-
verting silazanes to siloxanes the way acids in the water system do.

Ammonium halides (and especially ammonium bromide) have been
successfully applied by Kriger in these laboratcries as catalysts for con-
verting cyclic silazanes into polymers [l cf.]. However, instead of the

expected simple conversion into linear silazane

Mez
/Sz\ NH2=(SlMe2--NH-)ni-I
i
Me, Si i Me, + NH,Br {3)
2 - 2 4
N7 \
H crosslinked polymer +NH

3
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arnmonia evolution was observed and the polymer obtained was crosslinked

I

via trisilyl-substituted nitrogen atomis. In fact, for every inolecule of am-
monia eliminated,two #Si-NH-Si¥ groupings have to be converted into

ESi-I\'J-Si?- groupings. The stoichiometry of this process can be represented
Si

as follows:

i

|
n(-NH-SiMe, "), > [‘N'(SlMeZ‘)3/Z] 2o t0NH; (4)

This would descrite the polymerization reaction if the ammonia élimination
were carried out to completion. However, the analytical results on the
isolated polymer clearly indicated that the ammonia elimination was incom-
plete, i.e., secondary as well as tertiary nitrogen atoms were present in
the polymer.

It seemed worthwhile to find out some details of the mechanism of

this ammonium halide catalyzed polymerization reaction of cyclic gila-

zanes.
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ARPA-19 DISCUSSION OF EXPERIMENTAL RLSULTS

Cyclic and linear polysilazanes

As a fixst approach to the mechanism of the polymerization re-
action [3], it was decided to measure the rate of ammonia evolution. If
the rate of crosslinking is defined as the rate of formation of trisilyl-
gsubstituted ritrogen groupings, then it is exactly dcuhle the rate of am-
monia evolution. The reaction was criginally described by Kriger [} as
being carried out in a stream of nitrogen. In a preliminary series of kinet-
ic measurements by Kriiger the ammonia was absorbed by hydrochleric
acid and the acid back-titrated at intervals. In order to get continuous
readings and also.to eliminate the time-consuming titrations, it was decided
to follow the rate of ammonia evolution directly by volume expansion. There-
fore, a gas burette (with liquid seal) was connected directly to the polymeri-
zation vessel, so that the reaction was carried out in an effectively closed
system at constant pressure (1 atm. ). Surprisingly, only a few percent of
the expected volume expansion was observed. It had to be assumed that in the
closed system the initially eliminated ammonia suppressed further elimira-
tion of ammonia. Indeed, examination oi the isolated polymer showed that
it was somewhat less crosslinked than the polymer obtained by open system
(nitrogen stream) polymerization. L

This observation made it clear that no kinetic study ciould be car-

ried out this way, but on the other hand, it suggested a method by which y

* The degree of crosslinking can easily be estimated from the analytical
results, since the calculated values for the two extreme cases (purely
linear and completely crosslinked structures) are sufficiently different.
However, it was found that the estimation can also be based on the high
resolution NMR spectra of the polymers, and in fact, this method proved
to be faster and more convenient. The NMR spectra will be discussed in
detail in a 'separate chapter.

- 1 ) ) — - =%




ARPA -19 oo

linear 2ilazanes [gimilas to the linear siloxanes) might be prepared. It
was this approach that was pursued further.

Since the closed-system polymerization was seen to retard the
evolution of ammonia, it was reasonable to assume that the ammonia
evolution might be suppressed completely by applying a sufficient pres-
sure of ammonia at the beginning. It was hoped that if the ammonia elim-
ination, and there;by the cr'g'sslinking, could be suppressed, ring-chain
equilibrium {similar to that‘ of the analogous siloxane system) would be
rea:hed. This expectation was borne out by the subsequent experiments.
Carefully purified samples of hexamethylcyclotrisilazane (I} were heated
for several days in the presence of a few percent of ammohium bromide
and under different nressures of ammonia. The reaction product invaria-
bly centained at Jeast 50°/o of unchanged (I) and some octamethylcyclo-
tetrasilazane (II). After removing all the volatile products by distillation,
a viscous, oily pélymer was obtained. Under 1.5 atm. of ammonia pres-
sure the degree of crosslinking of the isolated polymer was greatly dimin-
ished, and under 4 atm. of ammonia pressure crosslinking was undetect-
able in the NMR spectrum of the polymer. The analytical results {see
experimental section) also were in good agreement with the values cal-
culated for a purely linear polymer.

While the linear dimethylsiloxane poly.mers, HO-(SiMeZ- O-)nH,
have molecular weights of saveral hundred thousand {which value can
further be increased by the condensation of the terminal hydroxyl groups),
the average molecular weight of the linear dimethylsilazane polyme~ sam-
ples obtained herein varied between one and two thousand. This low mo-

lecular weight is understandable, since the airnmonia pressure which has
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to be applied in order to suppress crosslinking by mid-chain elimination
of ammon‘1 also opposes the ondensation of the terminal NH, groups
which would be necessary for the formation of longer chains. More pre-
cisely, the observed average molecular weight must correspcnd to the
equilibrium state of the following reaction:

NH,-{SiMe,~NH")yH + NH,-(SiMe, -NH-) H:

NHZ-(SiMeZ-NH-)x+YH +NH3 {5)

A number of attempts were made to increase the molecular weight
of the polymer after its separation from the equilibrium mixture.

The molecular weight of linear siloxanes can be increased simply
by heating, which causes condens=tion of the terminal hydroxyl groups.
When the linear dimetaylsilazane polymer was heated at 170° C in vacuum,
a slow depolymerization appeared to take place. An oligomeric oil was
collected in the cold trap, but the molecular weight of the residual poly-
silazane did not increase. The oligomeric oil did not contain I or II.

An alternative attempt was made to react the polymer with cal-
culated amounts of dimethyldichlorusilane. It was hoped that chain length-
eriing would take place according to the following condensation reaction.

e

NHZ'(SiMez-NH-)XH +C15$i Cl +H-(NH-SiMe

NHZ-——>
Me

2 )y

——> NH,"(SiMe H+2ECl {6)

2" NH )y iy 41
Pyridi : was used as HCl acceptor, but in spite of that, exten-
sive degradatior took place and no »ure linear silazane polymer could be

recovered from the reaction product. An attempt also was made to use

dimethyldiethoxysilane instead of dimethyldichlorosilane, since the con-

..‘umm.a.’d
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densation would produce ethanol inttead of hydrochloric acid. However,
this proved to be too mild an agent and, after the reaction, the silazane
polymer was recovered unchanged.

Ring-chain equilibrium of the dimethylsilazane system

As mentioned earlier, the stzaight reaction products from which
the polymer samples were isolated invariably contained considerable
amounts of the cyclic silazanes I and II.

I'. the equilibration of dimethylsiloxanes the linear polymer prevails
strongly over the cyclic siloxanes. In the silazane sysitern it is seen that
the equilibrium is rather on the side of the cyclic silazanes. The equilibri-
um mixture was analyzed by vi.por phase chrcmatography and by distilla-
tion. The equilibrium composition reached at 140°C reaction temperature
was found to contain 50°/o I, 20°/o 1I, 200/0 linear polymer and 5?/0 dis-
tillable oligomeric oil. The same composition was reached irrzspective
of whether the starting material was I or II or a previously iso'ated sample
of the linear polymer. This shows that a true equilibrium has indeed bern
achieved.

In the gas-chromatograms only two major peaks, corresponding to
I and II, were observed although there were some hardly observable small
peaks which may have been due tc trace amounts of larger rings or, less
likely, to low molecular weight linear silazanes. Again, this result should
be compared with the equilibrium situation in the siloxane system where
cyclic tri-, tetra-, penta-, hexa -, hepta-, octa- and even higher silox-
anes are present in significant amounts at equilibrium. Thermodynamic

calculations have recently been published about the ring-chain equilibrium
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state of the dimethyl siloxane system [2]. The results vs;!ere at least in
qualitative agreement with the observed equilibrium composition.

It would be interesting to carry out similar calculations for the
silazane system in order to see whether the two characteristic ‘eatures
of the equilibrium state (the prevalence of rings over chains and the very
strong preference for the 6 and 8 membered rings) could bu predicted.

The temperature depenucr~: of thé equilibrium composition was
not determined accurately, for almost all the equilibration experiments
were carried out at 140°i 5°C reaction temﬁeratures. At lower tempera-
tuces, the equilibrium was reached very slowly, if at all, and at higher
temperatures some crosslinking did take place in spite of the applied
ammonia pressure. However, from a few trial experiments the conclu-
s:on seems to be that at lower temperatures the ring-chain equilibrium is
even more sirongly on the side cf the cyclic products and the ratio I to II
changes in favor of II. At higher temperatures, the opposite is true, I
prevails even more strongly over Ii and there seems to be a small increase
in the proportion of the pulymer present at equilibrium.

In view of the fact that the equilibrium mixture obtained at 140°C
contained 200/0 of linear polymer it seemed surprising that no linear poly-
mer would be formed in the ammonolysis of Me »5iCl,. In a published ac-
count of this reaction, mention is made of a residue (10"200/0) which is
obtained after the distillation of cyclic silazanes I and II[(3].

We found that if care was taken to avoid contact with the atmos-
phere during all stages of the preparation, then the involatile residue

was less than 500. The nitrogen content of this residue was 2. 9700 as
g

Wbl
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cpposed tc the calculated value of 19. 15;,)’0 for a silazane polymer
(*SiMe2°NH*)n. The conclusion seemns to be that in spite of the attempts
to avoid contact with the atmosphere some hydrolysis did cccur which
resulted ir. the smail amount of predominantly siloxane residue.

The explanation for the absence =f lirear silazane polymer among
the ammmonolysis products of MeZSiCI2 is probably that the reaction is
kiretically controlled ard that the product commnosition does nrt correspond
to the thermodynamic equilibrium (compare discussion of similar effect
to the N-butyl system).

Catalysts for the equilibration reaction

For the open system {nitrogen stream) polymerization, Kriiger [4]
found that the ammonium halide catalyst which seemed to give the best re-
sult was ammonium bromide. When ammonium bromide is added to hexa-
methylcyclotrisilazane (I), no apparent dissolution takes place, and the
ammonium bromide crystals settle to the bottom of the rvaction vessel.
When this mixture is heated *o the reaction temperature of around 140° C
no obvious change is observed, but wher. the mixture is cocled to room
temperature the clear liquid becomes turbid from reprecizitated ammonium
bromide. Thus, ammonium bromide is very slightly soluble in the hot
reaction mixture. The catalysis probably takes place both in the solution
and on the surface of the undissclved ammeoenium bromide crystals. The
heterogeneous catalysis has to be assumed to explain Kruger's observa-
tion [1] that increasing the amount of ammonivm bromide speeded up the
polymerization.

When the polymerization {equilibration) was carried out under

4 atm. ammonia pressu e in the presence of ammonium bromide, it was

e a7 e e e - N - - "
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noted that no turbidity developed when the mixtvre was cooled to room tem-
perature at the end of the reaction.

This could be‘&xplained if we assume that the dissolution of am-
monium bromide in the hot reaction mixture takes place solely or chiefly
by reversible thermal dissociation,

NH4Br :

——— NH3+HBr _ (7

Then the applied ammonia pressure would shift the eguilibrium to
the left so that only traces of ammonium bromide would go into solution.
The reduced solubility under ammonia pressure raised the question as to
how effective a catalyst ammonium brrmide really is for the equilibration
reaction. To test thie, ammonium bromide was omitted from the reaction
mixture and it was found that the same equilibrium was reached, although
much slower than in the presence of ammonium bromide. In fact, it was
necessary to increase the ammonia pressure to 15-20 atm. in order to
achieve equilibrium in a reasonabie time. The fact that increasing am-
monia pressure speeded up the equilibration shows that its role goes be-
yond that of just suppressing the crosslinking reaction. To test this, an
experiment was carried out in which a sampie of I was heated under ni-
trogen pressure in the absence of ammonium bromide. No reaction took
place at all, proving that the presence of ammonia is essential for the
equilibration.

We can now summarize the role of ammonium bromide as follows.
For the formationa of the silazane pclymer crosslinked via trisilyl-sub-

stituted nitrogen, ammonium bromide catalyst {or some other ammoni-

um salt) is necessary. For the establishment of the ring-chz‘n equilib-

4
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rium,ammonium bromide is 2 good catalyst but its presence is not essen-
tial. The fact that equilibration takes place only under ammonia pressure
is very important because it permits the isolation of the linear polymer
from the equilibrium mixture by distiiling off the volatile silazanes. If
it is important to obtain a linear polymer completely free from croselink-
ing,it is better not to use ammonium bromide catalyst, for if traces of the
catalyst are left in the mixture, then in the distillation process, when am-
monia presture is no longer present, crossiinking could take place

When a slightly colored sample of I was treated for a long time
with active charcocal, it was noticed that crystals of II appeared in the
flask. This observatior suggested that charcoal may be a good catalyst
for the equilibration. This proved to be true, and the catalytic effect of
charcoal was thought to be due to its absorbing of ammonia, and thereby
increasing the effective ammonia pressure in the reaction mixture. How-
‘ever, it turned cut that in the absence of ammonia charcoal also cata-
lyzed the crosslinking reaction, and so the suspicion arose that its cata-
lytic effect may be due to some impurity such as an ammonium halide.
So a sample of the charcoal was extracted with hot waier and the solution
tested for halide ions. 7The test was negative, and thus the question of
how the catalytic effect of the charcoal should be explainsd was left open.

Equilibration of N-alkylated silazanes

After it proved possible to establish a ring-chaia equilibrium in
‘he -SiMe,-NH- system under ammonia pressure, and from the equilib-
rium mixture a linear polymer could be isolated, it was almost inevitable

to try to extend this method to N-alkylated silazanes. It was hoped that
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equilibration under the pressure, or in the presence of the appropriate
primary amine would lead to equilibria from which N-alkylated linear
silazane polymers could be isolated.

The first system to be tried was the N-methyl one, and for
starting material the cyclic trimer nonamethylcyclotrisilazane (III) was
chosen.

Now, as discussed earlier, hexamethylcyclotrisilazane (I) elim-
inates ammonia and forms a crosslinked polymer if it is heated with am-
monium bromide catalyst. In contrast to this II! is compietely unreactive

under the same conditions [4].

Me)
Si
/7 \
Me I\‘I N Me NH.Br
Me. Si éi Me __4_5_9 No reaction (8)
2 \ J 2 160
N
Me
1.

This was interpreted in the following way. In the N-methyl sys-
tem, the route to a crosslinked polymer (via trisilyl-substituted nitrogen)
is apparently blocked. For the ring-chain equilibrium there are two al-
ternatives: either the equilibrium is completely on the side of the cyzlic
trimer, or for the attainment of equilibrium the presence of methyl-
amine is also essential. That ammonia was essential for the establish-
ment of ring-chain equilibrium in the ~SiMe2°NH° system was discussed
earlier {although in that system the situation is less clear-cut, for in the
absence of ammec~ia but in the presence of NH4Br ihe crosslinking reac-
tion takes place). It, therefore, cannot be said with cextainty that, if

the crosslinking reaction could be tlocked by some means other than a
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pressure of ammcnia, the ring-chain equilibrium could be reached with
NH 4Br catalyst alone without the agency of ammonia.

In the N-me:hyl system,the situaticn is complicated by the fact

that the linear mcacmer {IV) and the lirear dimer (V) are also stable.
Me, 5i Cl,

MeNH,
MeZSi€NHMe}Z + MeNH SiMez"N-MeZSiNHMe
av)

Me
(V)
Heating with
. {NH 4) 250 4
catalyst

I + MeNH, (9)

The compounds corresponding to IVand V in the -SiMe_-NH- sys-

2
tem are so unstable tcward condensation’ {which produces the cyclic
trimer and cyclic tetramer) that they do not appear in the ring-chain ¢qui-
librium of that system.

The equiiibration of III under methylamine pressure was carried
out both with ard without the addit:on of {NH 4)ZSO 4 The reactions were
carried out in an autoclave at 140150 C, at reaction times from 1 to 5
days. The products were distilled, but from none of the products could
_ay nonvolatile polymeric resilue be isolated. The equilibrium in this
system seems to be ccmpietely on the gide of the cyclic compound III.

Polymer;zation of III was a.sc attempted by the use of a basic

catalyst NaNH,. The use of this reagent as a catalyst in the -SiMeZ-NH‘

il
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aystern was not attempted because Na.NH2 is zeported to metalate the

NH- group. It was hoped that the N-Me bond would resist metalation.
However, when IIl was heated in the presence of NaNI-I2 at 140° C, and
all volatile products were removed, the remaining material contained so-
dium and was insoluble in organic solvents, althougn it dissolved easily in
dilute hydrochloric acid. The analytical results indicated virtually total
loss of the N-methyl groups.

After failing to isolate an N-methyl linear silazane polymer, the
N-n-butyl system was tried. In this system steric hindrance was cited
[5] to explain the failure to obtain the cyclic trimer by heating bis (n-butyl-
amino) dimethylsilane (VI) with (NH 4)ZSO 4 This method gives good vields
v .h the cyclic trimers in the N-methyl and N-ethyl systems. Since cycli-
zation appeared to be an unfavorable process, it was hoped that the ring-
chain equilibrium would be strongly on the side of the linear products.

The study of the N-butyl system is far from being completed, but
the preliminary results suggest that this system has some very interest-
ing features. Eaquilibra . of VI was first attempted by pyrolysis alone,
without the addition of any catalyst. Condensation of n-butylamine started
above 180° C and the reaction was carried out at 200° C. When the n-butyl-
amine condensation ceased, the weight loss corresponded to 430/0 of the cal-
culated amount of n-butylamine according to the scheme

MeZSi(NH-n:Bu)zm—é -MeZSi-N-n-Bu—+n-BuNH2 13)

(V1)
Gas-chromatographic analysis of the product showed only one major

component, the reteation time of which was smaller than that of VI. Only

“Mu&q
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a very small amount of unchanged VI was found to be present. Distillation
of the product left no appreciable amount of polymeric residue.

The di: *illate was then further pyrolyzed at 20Q° C but with the ad-
dition of (T‘JH4)ZSO4 catalyst. No more n-butylamine condensed but never-
theless extensive changes took place. However, no appreciable amount of
polymeric residue was obtained after distillation of the product. Gas-
chromatographic aralysis showed that most of the primary pyrolysis pro-
duct {without catalyst) disappeared, and products with much leiiger reten-
tion times were formed. There were 3 new major peaks, of which the one
with the longest retention time was the largest. A very small quantity of
the compound corresponding to the largest peak was collected from the
analytical gas-chromatograph and its analysis was in reasonably good
agreement with the calculated figures for a cyclic silazane,
(-MeZSi-N-n-Bu-)x. It was probably the cyclic trimer, but larger quanti-
ties will have to be collected and the molecular weight determined. Iso-
lation and identification of the cther two major products also remains to
be done.

Since the primary pyrolysis product of VI was further pyrolyzed

with (NH4)ZSO catalyst, no pure compourd was isolated from the primary

4
pyrolysis product. However, by analogy of some closely related pyroly-
sis reactions reported by Fink [6], it is probablc that the major compc-

nent of the primary pyrolysis was the cyclic dimer VIf,
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n-IBu
/ N\
MeZ Si Si Mez
N
n-Bu
{VII)

This compound wag also prepared by Fink [6] via a different route.
The results of this preliminary study of equilibration of the n-butyl sys-
tem indicate that steric hindrance does not prevent the formation of the
cyclic compounds as was suggested in reference 5. Further, the very uif-
ferent products of the pyrolysis with and without catalyst suggest that there
are at least two different mechanisms operating. The pyrclysis without
catalyst appears to be a kinetically controlled reaction leading to the cyclic
dimer by way of some specially favorable mechanism, while the presence
of a catalyst seems tn be necessary for a free redistributi<= of the
-SiMeZ-N-n-B i units leading to a thermedynamié"*equ‘é_éib:wéum. This in-
terpretation, if extended to the -SiMeZ*"\TH- system, helpstc understand
the observation that although 200/0 linear polymer is present at equilib:_ri-
um only cyclic trimer and tetramer are formed in the ammocnolysis of
Me,5iCl,.

Crosslinking via trifunctional silicon in silazane polymers

In previous sections linear and crosslinked (via trisilyl-substi-

tuted nitrogen) dimethylsilazane polymers were discucsed. Jt is surprising

g
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that the silazane analogues of the crosslinked {via silicon) siloxanes had
not been studied before. ¥

The crossliniked methylsiloxane polymers are obtained by the
hydrolysis of mixtures of methylchlorosilanes. It could be expected
the ammonolysis of methylchlorosilane mixtures would yield the corre-~
sponding crosslinked silazanes. In order to have as simple a system as
possaible,orly binary mixtures of dimetayldichlorosilane and methyltri-
chlorosilane were used. The former was the source of difunctional and
the latter the scurce of trifunctional building units.

Me

NH |
. 3 (11)
Me281C12

MeSiCl, >  -NH - 8i - NH—
NH

From a 1:1 molar mixture of the starting materials a colorless ~eaction
product was obtained which was separated by distillation into volatile
materials and polymeric residue. Among the volatile products the
cyclic silazanes I and II were found, as expected. Other volatile prod-
ucts, probably incorporating some trifunctional silazane units (see
above), also were present, but as attentioa was focused on the polymer,
these were not identified.

The polymeric residue was a viscous oil with an average mo-

*In methyl-siloxy polymers the oxygen atoms, of course,cannot be the
center of crosslinking, and the specification 'via silicon' is used only
to distinguish from the possible case of crosslinking via methylene
bridges. This latter type of crosslinking i found in some silicone
rubbers after vulcanization.
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lecular weight of about 1000. The analysis figures {see experimental
tection) showed that the di- and tri-functional units were present ia about
equai proportions.

Although amraonium chloxride is formed in the ammorolysis, which
could conceivably catalyze a reacticn lezding to crosslinking via nitrugen,
the reaction temperature of 80° was weil below the temperature (above
140° C) at which this type of crosslinking reaction could take place with
appreciable rate. The NMR spectra also indicated the absence of cross-
linking via ritrogen.

When the molay ratio of methyltrichlorosila=e to dimethyldichloro-
silane was increased to 7:4 the polymer obtained was a brittle (not sticky)
resin which could be crushed int> a fine powder. This indicated an in-
creased amount of crosslinking, i.2.. an increased ratio of trifunctional
to difunctional building units. Howe -er, the analytical results did not
show a significant difference between the two polviner samples. A further
increase in the proportion of methyltrichlorosiliane in the starting mater-
ial did not resuit in any change in the isolated polymer. It appears that
beyond a certain degree of crosslinking the polymer becomes insoluble
in the solvent (ligroin) and is precipitated together with ammonium chlor-
ide. From the analysis figures, this limit of crusslinking seems to be around
65%, which is equivalent to a C:Si ratio of 1. 35,

An attempt was made tgoisolate a polysilazane with C:Si ratio of
1. 00 which in the above sense corresponds to 1000/0 crosslinking. The
starting material was pure methyltrichlorosilane, and after ammonolysis
the filtrate was worked up in the usua. way but it contained no silazanes. The
product was clearly insoluble in the solvent and it precipitated together

with the ammorium chloride. The separation of thie solid mixture was at-

it
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tempted by vacuum sublimation. It was hoped that the ammorium chlor-
ide would sub'me and the polysilazane would be isolated as the residue.
However, depolymerizatior. of the polysilazane must have taken place.

fcr after the sublimation no appreciable amount of residue remained. An
alterpative method that shouild be tried would be the extraction of the solid

mixture by liquid ammonia.

“
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DISCUSSION OF THE NMR SPECTRA

Cyclic and linea> polysilazanes

The high reaoiution NMR spectra of both hexamethy!cyclotri-
silazane {I) and of octamethylcyclctetrasilazane (II) consist cf a single
sharp peak together with 29 Si satellites (in carbon tetra.hloride solution
€:0. 055 ppm with respect to TMS as internal standard). This means that

the methyl protons are all equivalent in both I and I.

Mo.e2
si Mez Me.2
/
HN \NH s'i —— NH — Si
Mo.ez i Ji Mez HN NH
N,/ . |
N Si NH Si
H Mo.e2 Me‘Z
I II

Both I and II are believed to have puckered ring structures [7] and the
single methyl proton peak must be interpreted as a result of rapid incer-
change between the various poszibie puckered conformations. More-
over, the spectrum of a soiution containirg both I ard II consists also of
a single methyl proton peak, that is, the methyl proton exvironment
rnust be virtually identical in both cyclic silazanes. The azo proton peak
could not be found in the spectra, probably because it is broadened to
such an extent that it disappears in the noise as the recording gain is
increased.

Neglecting the effect of distance from the terminal group, the

methyl protons in a linear polymer of the structure are expecied to be

il
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all equiva.ent and the'r envirommen' must be very similar to the environ-
mert ir the cyclic silazarnes [ and II. Thus the spectrum cof the linear poly-
mer should c.o8iat ale2a of 2 single peak, either coinciding with; or very
ciose to,the methyl preton peak of the cyvsilc silazanes. On the other hand,
in a poiydimethylsilagane, partiaily cr:osslirked via tririlyl-substituted ni-
trogen atoms {such as cbtained by polvmerization in an open system), a num-
ber cf different methyl proton :nvircaments must be possible. Agairn, con-
sidering orly rearest neighbor effects, three distinct methyl protcr en-

vironments can be discussed.

-
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(C)
If crosslinking were complcte, only type C methyl proton envirop-
ment would be present.
For varicus degrees of partial crosslinking,the ratio of the rumber
of pretons ir the three possible environments can be calculated, assuming

random distribution. See Table I.

TABLE 1
100% 807 50% 207,
crosciinking crosslinking crosslinking coossliinking
% A 0 4 25 64
% B 0 32 50 32
% C 100 64 25 4

S.1. is the NMR spectrum of the equilibrium mixture obtained in
the closed system pclymerization of I with ammoniim bromide catalyst.
Besides the peak at 6=0. 055 ppm (which is due to the cyclic silazanes I and
II present in the equilibrium) there are four other peaks at 6 values of
0.093, 0.17, 0.19 and 0.25. In view of the considerations discussed at the
beginnir.g cf this section,the peak {6=0. 093) nearest to the peak «i the cyclic

Percent crosaiinking means the pe.cent of trisiivl-substituted nitrogen
atoms with respect to the total nitrogen conternt.

DY
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silazanes is assigned to those methyl protons of the partially crosslinked
polymer which are in (A) type of environment. The corractness of this
assignment was confirmed by the spectra of polymer samples in which cross-
linking was graduzlly supprassed.

S.2. shows the NMR spectrum of a sample obtained from the equi-
libration product of I under 1. 5 atm. of ammonia pressure by partially re-
moving the cyclic silazanes present at equilibrium. The greatly increased
relative intensity of the peak at.0 = 0.093 ppm was attributed to the diminished
degree of crosslinking. A further important feature of this spectrum is that
in comparison with S. 1. the relative intensi'y of the peak at 8 =0. 25 ppm is
much more strongly diminished that that of the peaks at 0 values of 0.17 and
0.19 ppm. This allows the assignment (by considering Table 1} of the peak at
6 =0.25 ppm to methyl protons in < type of environments in the polymer. The
peaks at § values 0.17 and 0. 19 ppm should then be assigned ‘o methyl protons
in {B) type environment. This assignment is reasonable since the B type en-
vironment is intermediate between the A and C type of environments and the
position of the peaks assigned to methyl prctons in B ype environments is in-
between the peaks assigned to protons in A and C type environments. The
reason why there should be two peaks resulting irom protons in B rype of
environmernt is not understood.

The NMR spectrum of the equilibration product of I obtained under
4 atm. of ammonia pressure is shown on S. 3. and that of the nolymer isolated
from the equilibrium ﬁixture, on S. 4.

In S. 4. the peaks assigned to protons in B and C type environments
have disappeared completely and only the peak assigned to protons in A type

environment remained.
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To con.. ... che total absence of crosslinking in the linear polymer
a spectrum was recorded firat at normal spectrum amplitude and then at
20 times increasecd gain (S. 5.). The total absence of the "crossiinked" peaks
is obvious but ihe broad azo proton peak was unexpectedly found this way.
The sharp peak superimposed on the azo proton peak was shown to be a
spinning side band of the methyl proton peak. The integration ratio of methyl
and azo proton peaks was in agreement with the expected value of 6:1 (withir
experimenta) error due to overlap). It should be emphasized that an in -
creasc of the recording gain failed to bring out the azo proton peak in the
spectrum of I. This observation means that the azo prot~a peak is much
broader in the cyclic silazanes than in the linear polymer, but the r:ason
for this is not undersiood.

When a sample of the linear polymer was exposed to the atmos-
phere, the polysilazane was slowly hydrolyzed, as was indicated by the
gradual decrease of the nitrogen content and by the apvearance of a new
peak at &=0. 50 ppm in the NMR spectrum. The relative intensity of this
peak increased parallel with the progress of the hydrolysis. Comparing the
case of the partially hydrolyzed polymer with that of the partialiy cross-
linked (via trisilyl- sub;stituted nitrogens) polymer,one would expect at
least three different methyl proton peaks in the NMR spectrum of the par-
tially hydrolyzed polymer. In such a polymer, besides the originally pre-
vailing A type of proton environment.there gshould be ihe following new

methyl proton environments present.

Al .u;ﬂ
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In view of this it is surprising that only one new peak can be seen
onS. 6 and S. 7 which show the NMR spectrum of a linear polymer sample
exposed to the atmoophere for 4 and 9 days, respectively.

The NMR spectrum of the oligomeric oil collected by distillation
in the process of isolating the linear polymer is recorded on S. 8. The main
peak has a chemical shift of §=0. 082 ppm which is certainly due to protons
of methyl groups attached to silicon and its8 pnsition is very close to the methyl
proton peak of the linear polymer (6=0. 093 ppm). There is definitely no
trace of peaks which were assigned to B and C type environments in the spec-
trum of the partially crosslinked polymer. In view of these it could be in-
ferred that the oligomeric oil consists mainly of low molecular weight linear
polysilazanes. However, the ¢ mlysis' results (see experimental s=ction)
and especially the low nitrogen content (16. 69°/o) do not agree with this in-
ference.

Silazane polymers crosslinked via tr.functioral silicon atoms

These polymers are built up of F and G type of urnits.

e, ot i m— —
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Me

— HN-— S8i -- NH—

(G)

Considering only nearest neighbor effects, there should be only two

kinds of methyl protons in the polymer. It should be noted that unit G is iden-

tical with unit A which was discussed in connection with the spectra cf the
linear polymer.

The actual spectra (S.9 and S. 10 ) show that the methyl proton re-
gion cannot be clearly separated into two sets of peaks whi~% could be as-
signed to protons in (F) and (G) type of environment, respective'y. Never-
theless, two tentative assignments can be made on the basis of the changes
in the relative intensities of the peaks corresponding to changes in the ratio
of MeSiCl3 to MeZSiCl2 in the starting mixture. The relatively broad peck
(at §=0.10 and 0.12 ppm in S.9 and S.10, respectively) is probably associated
with methyl protons in (G) type environment, since the relative intensity of
this peak is increased as the proportion of MeZSiCI2 is increased in the
starting material. The chemical shift of the single methyl proton peak
{6=0.93 ppm) in the spectrum of the linear polymer can be considered as the

limiting posif:ion for MeSiCl3:MeZSiC12=O in a series of crosslinked polymers

I
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obtained from varying mixtures of MeZSiCIZ and MeSiCl3. The other tenta-
tive assignment is for the peak at 6=0. 063 ppm. This peak must be associated
with methyl protons in F type environment, for it is clearly this peak whose

relative intensity increases when the proportion of MeSiCl3 is increased in

the atarting mixture.
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EXPERIMENTAL SECTION
Ammonolysis of Me,SiClz

In order to have sufficient quantitites of hexamethylcyclotrisila-
zane, I (cyclic trimer), this reaction was carried out many times (with
minor variations in the method) by Mr. Rcbert L. Lambert, to whom we
are grateful for this assistance. The yield and the ratio of cyclic trimer
to cyclic tetramer varied from preparation to preparaticn, but no systemat-
ic study was carried out to determine the effect of factors such as concen-~
tration and temperature on this ratio. A small-scale preparation is de-
scribed below which was designed to determine whether any linear polysila-
zane .s formed beaides the cyclic silazanes. Ammonia ges was passed
above the surface of a solution of MeZSiCIZ (50 g) in ligroin (500 ml). The
mixture was stirred vig"'rously and the rate of ammonia passage was ad-
justed so that a temperature of 40-50° was maintained by the exothermic
reaction. After 7 hours the exothermic reaction had ceased, but to make
sure that the reaction was complete, ammonia was passed in for another
hour while the solvent was refluxed. Then the bulky NH4C1 pPrecipitate was
filtered on fritted glass under nitrogen. The solvent was removed from the
filtrate in vacuum. The crudc product was 25 g f colorless oil, which was
distilled up tc 140°C/0. 05 mm Hg. The residue (1. 04g) was a slightly yel-
low greasy oil with a nitrogen content of only 3. 970/0.

The 3aine procedure was applied for the larger scale (8 fold) re-
actions where the primary aim was syithesis of I. However, the filtration

of the NH4CI was carried out in the atmosphere, and consequently there
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was more extensive hydrolysis res.'*ing in a greater propsriion of ron-
volatile vesidue. The condensates Irom the first distiilation of several runs
were coliected and the: fractioraied c= a 4' Vigreaux colum:. The {racticns
were analyzed by gas chromatography ard the fraction collected at 58-590C/4
mm Hg was virtually pure I. After fractionaticn the resid.e s.lidified was re-
crystaliized from cyclohexane to give octamethylcyclotetrasilazare.

Equiiibration of hexamethylcyciorrisilazare {I; under ammda-.a pressurpg
LY g =0 v

The analyiical runs which were designed to establish the equilibrium
conditions were carried out ir an Autoclave Engineers 8" mi - :o reactsr. For
the various runs 1-5 g I was placed into a glass vial, a few crystals of NH,Br
were added and the vial placed inside the auteslave, Th.s was first evacu-
ated and then filled with ammonia gas up to 4 atm. at rcom temperatore,

(The ammoria gas was used from a lecture bhottie and a’l firt'~gs and valves
were made of stainless steel.) The sealed autoclave was then immersed in an
oil bath, the temperature of which was kept at 140+ 5° C. The react on time
was varied from 6 hours to 14 dars, after which the autorlave was c>cled to
room temperature. The ammonia pressure dropped normally i~ about Z atm.,
which was then reieased and the vial remcved from the autoc.ave. The prod-
uct was a colorless liquid looking no different from the starting material.
This product contained a large amourt of disscived amrncnia which was given
off rather abruptly if the vial was shaken. The release of ammonija was nor-
mailly accompanied by frothing and the crystallization of octamethylcyclo-
tetrasilazane (II) from the liquid®. (The frothing often resulted in loss of some
product which made the run useless fcr aralytical determinat:on of product

composition.) For the purpose of analysisg, the content of the via: was washed
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guantitatively into a volumetric flask witk cyclohexane and the concentration
of I and II was deter:sined by gas chsomatograph;. The poiymer content of
the reaction product was determined by distilling a weighed amount of prod-
uct and then weighing the residue. The distillation was carried out at 0, 05
mm Hg pressure and the temperature was slowly raiscd to 140\b C. In the
final stage of the distillation the tube containing the residue was held in a
horizontal position in order to prevent refluxing and to ensure the complete

removail cf volatile products without the necessity of overheating the resi-

due (see Figure I).

( ~——""""> to pump

N
o
N AN XS
\
turnace residue \/,
liq. N2
Figure I

The results of both determinations (gas chrcmatography and dis-
tillation) varied within a 100/0 83 read from run to run and the figures quoted
in the text are average figures from a large number of runs.

The preparative runs which were designed tc isolate larger quan-
tit'es of linear polymer were carried out by a slightly modified procedure, an

example >f which is described below.
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The starting material I (180 g) was placed ina 250 ml round bot-
tom fiask and stoppered with a fritted glass stopper. (This was found to be
the most effective way to prevent frothing out of the product when the dis-
solved ammeonia is given off after the ammonia pressure is reieased.) No
NH, Br catalyst was added, in order to avoid possible crosslinking side re-
action during the distillation stage.

The fiask was placed inside an autoclave. Following evacuation,
the antociave wasz {illed with ammonia up to 10 atm. pressu~e, ard then kept
ina 14015°C bath for 10 days. After cooling to room temgperature, 6 ~irm.of
pressure was recorded in the autoci.ve which was now released and the
flask removed from the autoclave. The prodvct was completely cnlorless
and after s~me ‘*‘me considerable amounts of Il crystallized cut. The mijx-
ture was subjected to vacuum distiilation in several stages. In the first
stage, great care had to be taken to avoid bumping and frothing caused by
dissoived ammoxia; then the bulk of I was collected followed by the sublima-
tion of 11, After the sublimation of II the temperature was raised to 140° C
and the pressure was 0. 05 mm Hg.

This condition was maintained fer 3 hours during which 4.2 g of
oligopmeric oil was collected. The residue (33.2, g), the linear polymer,
was a celorless viscous oil.

Aralysis recuilts:

c% HY, N% 5i%
Calculated fo~ {-5iMe,~NH-_) 32.8l 9.65  19.15  38.37
Fo_.d fo- iinear polymer o 9.16 19.78  38.28
Founrd for cligomeric oil 32. 42 9.25 16. 69 41. 41"

wit
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Preparation of silazane polymers crosslinked via trifunctional silicon atoms

These polymers were prepared by the ammonolysis of mixtures of
MeSiCl3 and Me 2Siclz containing dit..:ent ratios of the two chlorosilazanes.

A typical reaction starting with a 3:1 ratio of MeSiC13:Me ZSiCIZ is
described in detail.

Ammonia gas was passed into a2 mixture of MeSiCl3 (0. 3 mole) and
MezSiCIZ {0.1 mole) in 800 ml ligroin. The reaction mixture was stirred
vigorously, and the rate of gas flow was adjusted so that the exothermic re-
action should maintain a temperature between 30-50° C. After 16 hours the
heat evolution had ceased and the ammonolysis was regarded as virtually com-
plete. However, ammonia was passed in for one hour with refluxing of the
solvent. Afier cooling the mixture to room temperature tire volumirous pre-
cipitate was filtered on fritted glass under nitrogen. The solvent was then re-
moved in vacuum ard the residue, a colorless oil, was subjected to further
vacuum distiliation at 0. 03 mm [ig pressure. In the final stage of this distil-
lation, a temperatur?g_i.lf»Oo C % 38 maintained for 2 hours in order tn re-
move the last traces uf the volatile products. The residue (6.3 g) solidi-
fied into a britt'e resin when it cooled to room temperature.

Anzlytical results: 23.54% C, 7.42% H, 26.58% N, 41.93% S:.

Star:ing from a mixture with a MeSiCl3:Me ZSiCl2 ratio of 7:4
the polymeric preduct was also a brittle resin at room temperature.

Analysis results: 24, 67% C, 7. 64% H, 24.62% N, 41.80% Si.

The product from an equimolecular mixture of MeSiCl3 and
MeZSiCI2 was a visrcus colorless oil.

Lnalytical results: 23.52%¢C, 7.00% H, 24.26% N, 41.92% si.
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Preparaticn of nonamethylcyclotrisilazane

From a lecture bottlz 47 g (1. 5 mole) of moromethylamine was
froz?fn inte arn autcciave containing 100 mi ligrein. Then at -70° C 49 g
{0. 38 mole) MezsiCIZ was added ard the autoclave was allowed to warm
gradualiv to rocm temperature ovex 12 hcurs. After thorough shaking, the
autoclave was heated to 50° C then cooled to room temperature again.
There was very little residual pressure of methylamine which was released,
and the procduct filtered from the precipitated aminehydrochloride. The sol-
vent was removed in the aspirater and a colorless liquid res:due was ob-
tained which was presumably a mixture cf MeZSi(NHMe)Z and
(MENH-MeZSi}ZNMe. To bring about cyclization [5] the mixture was re-
fluxed over=zight in the preserce of a few rystals cf (NH, }2804. The
product vias fractiorated and the fraction {7.3 g) collected at 70-73°C/'1. 5 mm
Hg crystallized in the receiver and was virtually pure nonamethylcyclotri-
silazane. i

Preparation of Bis(r:-butylaminoldimethylsilane (VI)

n-Butylamine (8 moles) was added graduaily to a 1000/0 (w,/v)
solutior of MeZSiC;LZ (2 moles) in ligroir at room temperature, with vig-
orous st.rr.~g. The precipitated aminehydrochloride was filtered and the
fiitrate corcentrated until all *he sslvent was removed The crude prod-

uct (VIil}) was fractionated at 12 mm Hg. The main fraction was collect-
28
D

of this product was left open to the atmosphere an unidentified white crys-

ed at 90-92° C/12 mm Hg, = 1. 428 (lit. [5) 1.4270). When a sample

taiiine solid {prubably a hydrolysis preduct) was deposited within a short

time and the whole sample sclidified after 3 hours.

'ﬁk“‘ . =
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Pyrolysis of Bis{n-butylaminc ) dimethylsilane (V])

In a slow stream of dry nitrogen gas, MeZSi(NHn-Bu)Z {34 g) was
heated overnight at 20dP C. The weight loss was 5.8 g, and 3.7 g
ﬂ-BuNI-I2 was trapped from the gas stream. The rest apparently was car-
ried away by the gas stream. Further, 2 hours heating did not result in
any more loss of weight. The product was distilled in vacuum and there was
no appreciable residue. Gas-<hrornatographic analysis showed that onlya very
small percentage (less than 5°/o )} of the starting material remained unchanged.
There was only one major peak ir the gas-chromatogram with a retention
time shorter than that of VI.

The same peak was also observed in the analysis of the fractions
collected befocre the main fraction in the fractional distillation of the crude
product VIII. The bulk of the primary pyrolysis product was then heated for
another 12 hcurs in a stream on N, at 200° G in the preserce of a few crys-
tals of {NH4)ZSO4. No butylamine was trapped from the gas stream, but
the gas-chromatographic analysis indicated extensive changes. Three new
peaks appeared and a few milligrams of the compound cerresponding to the

largest of these pealks was collected.

Analytical results: Co/o Hc,’/o No/o
Found 56.73 12, 09 10. 71
Calculated for 55.75 11. 69 10. 84
("SiMeZ‘NBu-)x

Vacuum distiliation of the product left no appreciable amount of

polymeric residue.
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