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INTRODUCTION

It 15 well known that the unique physical properties of pelvmethylsiloxanes stem from
internal motion of low energy barrier!—i. Since an N-~H group is isoelectronic with an
oxygen atom, one might expect that polymers analogous to the siloxanes in which
N-H groaps replace oxygen atoms would offer an interesting comparison. Such poly-
mers can be made by allowing dimethyldichlorosilane to react with ammonia according
to ire equation:

2(CH,L,SICH, + 3nNH; —— [(CH,).SiNH’, <+ 2nNH,Cl

Because the nitrogen atoms have an “‘extra’ hvdrogen atom which is capable of further
substitution by other dimethylsilyl groups to give a highly cross-linked polvmer, and
because the donor properties of nitrogen are quite different from those of oxygen, it is
of immediate interest to compare the phyvsical behavior of the polymers based on
silicon-nitrogen bonds with that of the corresponding siloxanes in terms of the intra-
molecular motion.

At least three types of motion are possible in polvmethylsilazanes and related
silvlamines. The first type of motion is a C, reorientation of the methyl group about
the silicon—carbon bond. This tyvpe of motion is well known in the polysiloxanesi~. &
second mode is movement of the entire (CH,).Si group about the silicon-nitrogen
bond, which is more likelv to be a bending or rocking motion than a rotation. The
third tyvpe of motion is translational motion of the chain segments. The silazane poly-
mers recently prepared in this Laboratory were found to be highly cross-linkeds.¢. This
high degree of cross-linking should have several effects on the interial motion of the
polvmer. First, the degree of translational motion of the chain segments should be
lowered considerably, causing the polymer to lose its small-molecule properties at low
temperatures. Second, the high degree of cross-linking makes the formation of small
rings inevitable. Kriiger® found that the ratio of secondary to tertiary nitrogen in the si-
lazane polymers was approximately 2 to 3. This would indicate either of two structures,

SSIR,. _SiRa . —.\l'—SiR:—.\'H—SiRz—?’—SiR._.—
T Y . or i SiR, ‘ R =CH,,
SiR,  SiR, . :
SNHT . L =
6] (1)
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the polvmers probably being a mixture of (I} and T . This formation of small rings
shiould hinder free rotation of the (CHj).Si groups al .uv silicon—nitrogen bonds. Third,
with sach a hkigh proportion of tertiary nitrogen tne offects of d=—p= bonding also
shouid be apparent. Silazanes exhibit considerable d;—p= interaction between the
silicon and the neighboring nitrogen atoms, arising from contributions of the “extra
pair” of electrons on the nitrogen atoms to the empty d orbitals of the silicon atom,
and this additional coupling serves to bond the silazane framework together more
firmly than the looser silicon~oxygen framework of the siloxanes.

The specific purposes of the present investigation were (1) to compare the proper-
ties of the silazanes in general with those of the siloxanes by means of the techniques
of broad-line nuclear magnetic resonance, determining (if possible) the types and
degree of molecular motion present, {2} to studyv the effect of temperature on the
internal motion, ¢3) to analyvze the effect of cross-liking on the properties of the polymers
at low temperatures, the silazanes usually being considerably more cross-linked than
the siloxanes because of their trifunctional nitrogen atoms, and (4) to study the effects
of the degree of crystallinity of the polvymers on the internal motion at low temperature.

A polvmer prepared by allowing dimethyldichlorosilane to react with ethylene-
diamire also was examined. For comparison, several pure compounds were examined,
mcluding the ring compounds hexamethylcyciotrisilazane and octamethylcvelotetra-
silazane, =nd some chain species of low molecular weight. Iit no case could a straight-
chain polymer be obtained with little or no cross-linking, as is done in silicone rubber.
This naturally Lmited the degree of comparison with the siloxanes, but the closest
possible appreximation was made.

EXPERIMENTAL

Measurements were taken on a fixed-field, variable frequency broad-line NMR spectro-
meter deseribed in detail eisewhere™’. The spectrometer is equipped with temperature
control which allows measurements to be taken from —196°C to ~300°C.

As the silazanes and silvlamines are sensitive to moisture and decompose slowly in
room air to fortn ammonia and the analogous siloxanes, all samples were sealed into
11 mm diameter sample tubing immediatelyv after preparation. This necessitated
placing the thermocouple alongside the sample tube instead of directiy intc the sample
tube itself. Hence to insure that the sample tube and the gas were at equilibrium, the
following procedure for cooling was followed:

Samples were placed in the probe assembiy and were cooled at approximately
2°C per minute to the desired temperature, to eliminate hysteresis effects®. “When the
svstem reached the desired temperature, as shown by a constant reading on the
potentiometer, the probe was kept at this temperature for approximately 10 minutes
to allew the sample to come to equilibrium, and then two measurements, taking
approximately- 20 minutes each, were taken at each temperature; subsequent measure-
ments were taken at 15° intervals.

For verv low temperature measurements a different procedure was foliowed. The
sample tubes were allowed to cool in liquid nitrogen for approximately 24 hours. After
this pericd of time the probe temperature control was set for —1.45° (the lowest
temperature that could ccnveniently be obtained using the gas-flow method), and the
samples were transferred immediatels to the probe and allowed to warm from —196°C
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to —145°C. Finally, measurements at —1g6°C were taken in a liquid-nitrogen Dewar
vessel made to fit the probe.

Most samples were modulated at amplitudes less than 1/3 their line width;
however, in some cases this proved rather difficult because of small signal intensities.
Room-ternperature measurements were probably considerably broadened by modu-
lation and by inhemogeneity of the magnetic field at the site of the sample.

RESULTS AND ANALYSIS

\Vhen dimethyldichlorosilane reacts with ammonia under conditions such as those
used for forming a silicone, one obtains in high yieids a mixture of hexamethylcyclotri-
silazane and octamethyicyclotetrasilazane, plas a small amount of polymer®. If one
wants to obtain a high polymer, one must either open the silazane rings and join the
fragments to form a linear polymer, or connect together the rings themselves.

Recently in this Laboratory Kriiger has been successful in polymerizing mixtures
of hexamethylcyclotrisilazane and octamethyvlevclotetrasilazane by using am-
monium halides as catalystsS. Several types of highly cross-linked polvmers were
obtalned, and the behavior of these is summarized below:

I. Polymers cross-linked only through tertiary nitrogen atoms

Two polvmers which were cross-linked only through tertiary nitrogen atoms were
studied. The first, rubber No. 178, was prepared by Kriiger® by heating freshly
distilled hexamethylcvclotrisilazane with 19 of ammonium bromide to 280°C for
saveral hours under an atmosphere of dry nitrogen. A dark brown material resulted,
having properties beitween those of a rubber and those of a wax. The other sample,
rubber No. 211, was prepared by carrving out the reaction of dimethyvld:chlorosilane
with ammonia fo obtain a mixture of cyclic tetramer and trimer, and then heating this
crude mixture with 5 ¢, of ammonium bromide as a catalyst to 2S0°C forseveral hours.
A white, waxy material resulted. Rubber No. 211 looked verv much like polyethylene;
both compounds were tlexible, but not elastic.

Crystallinity measurements of No. 211 by X-ray diffraction techniques using
CuK, radiation indicate that the compound is approximately 50 %; crvstalline*. It
was found that the crystallites in No. 211 are rather large and are probably not
entirely polymeric.

Nuclear magnetic resonar.ce measurements were taken from —1¢6°C to +350°C.
The temperature dependences of line width and second moment are shown in Figure 1.
One should note the remarkable difference in the low-temperature properties of the
silazanes as compared to those of siloxanes in Figures 2 and 3. One also will note that
the two silazane compounds behave in essentially the same manner, as indicated by
the second moment data. The difierence in the line width (which after all is only a
qualitative description of the motion) may not have as much significance.

At —196°C the second moment of No. 211 is found to be 8.5 L 0.5 gauss?. This
value is slightly larger than the value of S.0 -+ 0.5 gauss? found in the current investi-
gation of siloxanes at this same temperature, but is close to the value reported by
Powles ef al.* for siloxanes. The theoretical second moment for a rigid methyl group in

* The authors are indebted to Dr. W. P. SLicHTER of the Bell Telephon~ Laboratories for ma-
king the crystallinity measurements needed for this investigation.
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a polverystalline solid is 22.5 gauss?. To this must be added a contribution by neigh-
boring methy. groups. Powles ¢f al? have estimated the intermolecular contribution
to be 1.3 gauss®. Kusumoto of af.% suggest a value which is closer to 2 gauss®. In the
present silazanes there are also protons bonded to nitrogen atoms, and hence a contri-
bution must be added for them. The second moment for an isolated N-H group is
found to be 1.3 gauss?, using the equation of Van Vleck!®-S. Assuming that in a
repeating unit there are eight methyl groups to one N-H group (i.c., 2 total of 23
protons), the second moment should then be:

AH? = 24725 {24.3) 5 1/25 (1.9) = 23.6 gauss®

Thus one sees that the contribution due to the NH group is negligible. It is known that
a C, reorientz.tion of the methyl group reduces the intramolecular contribution to the
second moment by a facter of 1/42, but probably does not effect the intermolecular
contribution. This gives a second moment of:

T AHG® = 14 (22.5) + 2 = 7.6 gauss?

which agrees quite well with the observed value. Thus at —1g6°C it is reasonable to
assume that the only motion is reorientation of the methyl groups about the carbon-
silicon bond.

J- Organometal . Chem., 1 {1963) 273-285
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As the silazane samples 178 and 211 are warmed to roomn temperature, the secor
moment decreases, which indicates the onset of motion of the (CH;).Si groups abot
the silicon-nitrogen bonds and also some translational motion of the chain segment
It is necessary to assume translational motion of the chainsbecause the second momer
decreases to a value less than the intermolecular broadening contribution. This sma
vajue can only be explained by assuming some movement of the chains past each other

Figure 4 shows a spectrum of No. 211 at —87°C in which the lines for th
crystalline and amorphous components can be seen. The line for the arnorphous comr
ponent is considerably broader than that for a siloxane at the same temperaturt
indicating that ther= is rotational restiction of the (CH,;).Si groups due to the hig
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degree of cross-linking. Hence we sce th=t as the polyiners become more highly cross-
Iinked, thev tend to lose their low-temperature, small-molecule properties. This is a
further indication that the uniquendss of silicones is due to separation of the siloxane
chains, probably because . the large volume swept out by rotating methyl groups.
Only- by a high degree of cros>-lirking are the siloxane chains forced to Interact.

2. Polymers cross-linked through tertiary silicon and tertiary nitrogen atoms

Rubber No. 237 was prepared by Kidigers by mixing 55 g of hexamethyleyclotri-
silazane and 3 g of methvltrichlorosilane with 35 2, ammonium bromide and heating
the mixture in the same manner as in the preparation of No. 178. Ammonia was then
bubbled through the mixture to effect cross-linking with methylirichlorosilane. An
elastic, waxy polymer resulted which melts at 178-1g0°C. Crystailinity measurements
show that Mo. 237 also is approximately 50 °, crystalline; however, the crystal grains
are very fine rather than coarse, as was found in No. 211.

The temperature dependence of the line width and second moment for No. 237 is
shown in Figure 5. The curves are almost identical with those for No. 211, which
signifies that nc further hindrance to the motion is brought about by the addition of
methvltrichlorosilane. Since most of the protons are found on the (CHj;),Si groups,

J- Organometal. Chem., 1 (1964) 273-285
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rather than on the CH,-Si groups, the absorption will depend mostly on the behavior
of the (CH;),Si groups. Cross-linking with methyltrichlorosilane should not affect the
local motion of the {CH,).Si groups, but should affect the translational motion of the
chains. This is further evidence that localized motion of the (CH,),S: group rather than
translational motion of the chains is the main cause of the line narrowing. If the degree
of cross-linking by methyltrichlorosilane were to be made verv high, then the (CHj) .51
motion undoubtedly will be affected because of the further formartion of smali rings.

3. Polvers cross-linked through vinyl groups and fertiary nifregen afciis

Rubber No. 231 was prepared by Kriiger® by mixing 40 g of hexamethylcvclotri-
silazane, 10 g of trimethvitrivinyvicyclotrisilazane and 5 ¢, ammonium bromide, and
then heating the mixture as was done in the preparation of No. 178. A rubber which
swelled in carbon tetrachloride was obtained. The temperature dependence of the line
width and second moment is shown in Figure 6. The large increase in second moment is
due to the presence of wings which persist even up to —40°C. This indicates a much
greater hindrance to motion in Nc¢. 241 than in the polvmers previousiy examined. This
restriction in motion can be explained by the fact that the cross-links derived from
vinvl groups are fixed and cannot reorient about any bond. In effect, a viny1 group can
be thought of as a methyl group attached to a silicon atom of one chain and also
bonded to a methyl group on a silicon atom of another chain. This makes rotation of
the methvl groups about the silicon-nitrogen bond impossible. The ratio of methyl
groups to vinyl groups is still large enough, however, so as not to affect the low-tem-
perature second moment ; the majority of protons are still capable o a C, reorientation
about the silicon—carbon bond.

4. Polymers cross-linked by air oxidation and tertiary nitrogen aioms.
Rubber XNo. 236B was prepared by Kriiger® by mixing hexamethyvlcyclotrisilazane
with an equal weight of ammonium bromide and heating the mixture as in the pre-

J- Organometal. Ckem., 1 (1964) 273-285
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vious preparations. A polymer melting at go—x00°C was obtained. Dry air was bubbled
through the nolten polymer for 3 hours at 250-270°C resulting in a tough rubber.
Crystallinity measurements show that the degree of crystallinity in No. 236B is low,
probably less than 25°;,. The temperature dependence curves, shown in Figure 7, are
identical with those for No. 211 and No. 237, both of which have high crystallinities of
50 % or more. This wouid seem to indicate that the degree of crystallinity does not
effect the molecular motion in the poivmers as much as the degree of cross-linking does.
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As cross-linking by air oxidation is the same as cross-linking by methyltrichloro-
silane (since methyl groups are cleaved from silicon by the process, evolving formalde-
hyde and water), one would expect the compounds to behave in thesame way. They do.

5. Minné Polymer

It was found by Minné!, and independently bv Lienhard!?, that a polymeric
material could be obtained frcm the reaction of ethylenediamine and dimethyldichloro-
silane. Subsequent research in this area by Kummer!3.4 led to two more polymers:
polyvmer (I) in xylene and polymer (II) in benzene. From analytical data on polymer (I)
and polvmer (II) it was found that both had the average structure:

H,C QH:—Cin CH, H,C (sz——ﬂ:H:;
—$i-X .\'——Sli—.\’HCH=CH2.\"H—?i—.\' N- |

iy DS >si<]

H,C CH, H,C CH, H,C CH; CH;

The presence of the five-membered rings in the polvmer is supported by IR measure-
ments!* and by double-resonance high resolution NMRI5. In no case could a pure
linear compound, similar to that prepared by Minné, be obtained, even with an
excess of ethyvlencdiamine.

The polyvmer investigated by broad-line NMR was prepared by Kummer!! by
mixing 0.15 moles of dimethyldichlorosilane (which had been diluted with an equal
volume of xylene) with 0.3 moles of anhvdrous ethvlenediamine, also diluted with
So ml of xvlene, under an atmosphere of drv nitrogen. After the chlorosilane had been
added, the mixture was retluxed and then the solid material which had formed was
filtered ofi by suction filtration using a medium glass frit. Most of the xylene solv. at
was removed at room temperature bv reducing the pressure to I mm, and then the
product was heated to 70-100°C for 2 hours at 1 mm to complete the removal. The
product, polvmer (III), was a viscous oil. High resolution NMR, IR, and analytical
data indicated that the compound had the structure shown above!3, containing both
rings and chains. Broad-line spectra were taken from room temperature down to
—1¢6°C. The temperature dependence of the line width and second moment is shown
in Figure 8. The second moment at —196°C is found to be 13.4 =+- 0.5 gauss®. One
should note the remarkable di-ference between polymer (III) and rubber No. 211. The
dependence of polvmer (III) is verv similar to that of natural rubber’®; however,
methyvi rotation does not cease at —196° C. The large difierence between polymer (I1I1)
and No. 211 is not unexpected, since polymer (III) is considerably more organic in
nature. A behavior more like natural rubber, rather than like silicone rubber, would be
expected because of the backbone of ethvlene groups alternating with silicon atoms. In
any case, one would not expect the chains to remain separated to the same degree
because of the smaller content of (CH,).51 groups.

One can obtain a theoretical second moment at —196°C by adding up contribu-
tions to the second moment from various groups in the molecule. In this case the tot
number of protons is 44, and assuming that the methyl groups are freeiy rotating about
the silicon—carbon bond, their contribution to the second moement would be 5.4 ganss?
plus a 2 gauss® contribution for internal broadening.

J. Organometal Ckem., 1 (1964) 273-285
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The coniribution due to the N—CH.CH,—N group is hard to determine, but can be
estimated from the value of 242 gauss® found in solid ethvlenediamine. Hence:

JAH ® = 30/44 (7-4) + 14/44 (24.2) = 12.7 gauss®
which agrees quite well with the observed value.

At —1.45°C there is a slight narrowing of the absorption curve and a decrease of
second moment from approximately 13 gauss® to 10 gauss®. There is no direct evidence
from NMR as to what causes this narrowing. At —10°C a transition occurs which is
similar o that found in the polvsiloxanes at —110°C. At this femperature motion of
the {CH,).Si groups as well as translational motion of the chains must be present, as is
evidenced by the fact that the line narrows to 2 value much smaller than that estimated
for the intermolecular broadening contribution.

6. Hexameihyleveloirisilazane and octametivicyclotetrastiazaine

The two simplest organosilazane ring compounds, hexamethvleyvclotrisilazane and
octamethvicyclotetrasilazane, were prepz..ea 1y the reaction of dimethyldichlorosilane
with ammonia according to the procedure given in frorg. Sy2.2 Nuclear resonance
measurements were taken from —1¢6°C to room temperature, and the results are
shoun in Figure g. The values are seen to be slightly higher than those fcr silazane
poivimers. Because of the lack of sufficient crvstallogiaphic data, the broadening
correction for the second moment s difficult to determine; however, Rochow and
LeClair! have found that the correctioa in cyclic siloxanes can be as large as 3 gauss®.
This increase could account for the larger second moments.

Gne will note that the second moments for b th species are essentially constant
from —1g6°C to room temperature. This indicates that any motion other than C,
reorientation of the methy! groups is “frozen out” in the crystal. As in the polvmers,
the spectra were simple bell-shaped curves with no appreciable structure.

J. Organometal Ckem., 1 (1963) 273-285
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7- Effects of methyl substitution on the nitrogen atoms

Attempts have been made to polvmerize nonamethyvlcyclotrisilazanei”. So far little
success has been achieved, for it seems that the cyclic compounds are far too stablel?.
The advantage in obtaining an N-methyl silazane is that cross-linking through the
nitrogen atoms will be prohibited, and a linear polyvmer should result. Two methyl-
substituted cornpounds were studied: the six-membered ring and a three-membered
chain. The study concentrated upon the reorientation of the methyl groups bonded to
the nitrogen atoms. We shall consider the three-membered chain, bis (mathyiamino}-
dimethylsilane, first.

The compound contains four methyi groups, one bonded to each of the nitrogen
atoms and two bonded to the central silicon atom. There are two amino hydrogen
atoms, giving a total of 14 protons. It has been shown that the dipole-dipole contri-
bution of the nitrogen atoms to the protons in the methyl groups is negligible. Hence
if the methy] groups which are bonded to the nitrogen atoms are rigid, and the methyl
groups bonded to the silicon are reorienting about the carbon-silicon bond, the second
moment should be:

TAHL® = 3f7 ]

-

8.4) + 3/7 (25.5) + 1.7 (1.9} = 1.5 gauss

using a 3.0 gauss® intermolecular broadening contribution. However, if all methyl
groups are reorienting, the second moment should be:

[AH.® = 6.7 (8.4) + 1.7 (1.9) = 7.5 gauss®

The experimental second moment at —196°C was found to be 9.0 + 0.5 gauss®.
This is shown in Figure 10. This result tends to indicate that all the methyvl groups are
reorienting, for the broadening correction is probablv underestimated rather than
overestimated. At —140°C a rapid decrease in the second moment indicates melting
of the compound.

J. Organometal. Chem., 1 (2964) 273-255
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Spectra of nonamethvicyclotrisilazane were takenat —196°C. The second moment
was found to be 9.6 -= 0.5 gauss®. Again this is closer to the value calculated for
reorientation of all methyl groups, 3.4 gauss®, assuming a 3 gauss® broadening cor-
rection. The second moment for rigid nitrogen-linked methyvl groups is calculated to be

TAHO® = 2/3{8.4} — 1/3{25.5} = 14.1 gauss®

which is significantly higher than the experimental vaiue.

CONCLUSION

The results of this work indicate that the degree of molecular motion in highly cross-
iinked organosilicon--nitrogen polsmers is considerably less than that found in crgano-
siloxane polimers. Two explunations can be given for this lack of internal motion. The
first is that silicon-nitrogen compounds exhibit considerable d=z—p= interaction and
that this results in 2 more rigid framework than in th2 analogous siloxanes. Just how
Iarge this “back-bonding” eitect is will not be known until a linear silazane polymer is
prepared. Second, the siiazane polymers which were studied were considerably more
cross-linked than the siloxanes. This high degree of cress-linking inevitably causes the
formation of small rings which, in turn, inhibit the motion of the {CH,),S1 groups
about the silicon—nitrogen bond. In siloxane materials such as silicone rubber, where
the degree of cross-linking is small (i.2., approximately one link every 30 siloxane
units} the configurational rings which may- forin are verv large and would not hinder
motion any more than in a linear siloxane. Recent work on highly cross-linked siloxanes
bv Huggins ¢f al.* has shown that siloxane polimers which are highly cross-linked
{f.¢., approximately one cross-link every 6 siloxane units) show a much more gradual
“freezing out”’, similar to that found in the silazanes.

The results further indicate that the degree of crystallinity of the polymers has
litile or no effect on the low-temperature molecular motion. As in the siloxanes, it is
found that the silazanes also have unusually free rotation of the methyvi groups which
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persists down to the temperature of liquid nitrogen. Methyl rotation in organic
polymers “freezes out” long before this temperature is reached. Freely rotating methyl
groups have been related to the unusual properties of the silicones!. If it is true that
rotating methyl groups take up more space than rigid methyl groups, the large volume
swept out bv the methyl groups will prohibit the chains from coming close together.
This situation allows the chains to move rather independently from each other, whereas
they would normally tangle. That this reorientation of the methyl groups aliso is found
in polvorganosilazanes signifies that they too might exhibit only slightly poorer low-
temperature properties, provided cross-linking could be elimninated. This situation is
not changed by the presence of methyl groups attached to the nitrogen atoms, and this
point is important because it appears that N-methyl substitution may be the solution
to the preparation of linear polysilazanes.
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SUMMARY

Intramolecular motion in some pure solid organosilazanes and in a numrber of solid
dimethyvlsilazane and dimethylsilvlamine polymers cross-linked by various methods
was studied by the techmique of broad-line nuclear magnetic resonance. Second
moments and line widths are reported as a function of temperature from —196° to
50° and comparisons with corresponding polydimethvlsiloxanes are made. The degree
of internal motion in the silazane polymers is found to be considerably less than that in
siloxanes between the temperatures of —120° to 0°; above and below that there is
little difference. The low-temperature mobility is related to C, reorientaticn of methyl
groups attached to silicon atoms, and the differences between silazanes and siloxanes
are explained by increased d=—p=x interaction between silicon and nitrogen atoms in the
former. The degree of crystallinity of the silazane polvmers had little effect on the
low-temperature intramolecular motion, but the kind and degree of cross-linking
within the polymers had a marked effect.
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