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ABSTRACT

Studies have been made of the effect of cerium on the degra-
dation of polyorganosiloxanes (silicones) at 400°C in the absence
of oxygen. Thermally stressed polydimethylsiloxanes undergo
—S8i—O bond rupture, initiating anion-propagated degradation to
cyclics and linear residues. One-hundred-percent polymethyl-
phenylsiloxanes do not cyclize, but undergo rearrangements
leading to crosslinking. In polydimethylsiloxanes, cerium is
considered to form active sites which react reversibly with anion
fragments, thus limiting further degradation. Cerium has little
effect on polymethylphenylsiloxanes, but stabilizes copolymers
in direct ratio to the dimethyl content. The excellent response of
polydimethyl and lightly phenylated siloxanes to cerium, together
with their desirable physical properties, make their use attrac-
tive as high-temperature lubricants and hydraulic fluids in se-
lected applications.

PROBLEM STATUS
This is an interim report; work on this problem is continuing.
AUTHORIZATION
NRL Problems C02-01, C02-02, and C07-01

Project Nos. RAP 41R-001/652-1/F012-03-05-41002,
RR 007-08-44-5500, and RR 001-01-43-4802

Manuscript submitted January 5, 1966.
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THERMAL DEGRADATION PROCESSES IN POLYSILOXANES
AND THERMAL STABILIZATION BY A CERIUM INHIBITOR

INTRODUCTION

The polyorganosiloxanes (silicones) are one of the several classes of fluids receiv-~
ing consideration as high-temperature (> 250°C) hydraulic fluids and aircraft gas turbine
lubricants. Of the many stringent operational requirements for such fluids, adequate re-
sistance to pyrolysis is among the more important.

In the absence of air, pyrolysis of polydimethylsiloxanes becomes significant at 325°
to 350°C (1-3). Thermal breakdown is manifested by molecular rearrangements to cy-
clic compounds of the general formula [(CH,),S8i0]_  with n ranging from 3 to 11 (4), and
probably higher. As dimethyl substituents are replaced by methylphenyl, resistance to
pyrolysis is improved (5). Bulk lead, tellurium, and selenium adversely affect stability
at temperatures as low as 250°C (6); trace quantities of metals present either as hetero-
siloxane components or as residual catalysts, or other stray impurities which form ac-
tive sites (7-12), are also stated to exert a deleterious effect. Aluminum has been shown
to be an active degradation catalyst for the oxidation of sﬂoxanes at 300°C (13).

An improvement in the oxidation and thermal stabilities (below 200°C) of siloxanes
containing active sites has been reported to result from the addition of such complexing
materials as I,; oxides of aluminum, beryllium, and iron; and amphoteric hydroxides.
Studies at this Laboratory have demonstrated that other metals and metal compounds,
particularly those of cerium, materially improve oxidative stability at 300° to 400°C
(13,14). Since the upper limit of this temperature range is well above the accepted pyro-
lytic decomposition point of sﬂoxanes, it appeared pertinent to reexamine the thermal
behavior of the fluids at 400°C and to assess the effects of cerium. Preliminary results
reported earlier (15) showed major differences in both the uninhibited thermal degrada-
tion processes and in the responses to cerium as the degree of phenylation was in-
creased. Because of these differences, it will simplify the discussion of the present
results to consider in separate sections the polydimethylsiloxanes (including lower homo-
logs) and the copolymerized dimethyl-methylphenylsiloxanes and polymethylphenylsiloxanes.

EXPERIMENTAL PROCEDURE

Five representative, commercial, high-polymer fluids and two oligomers (the di-
methyl hexamer and nonamer) were investigated. The high-polymer materials ranged in
composition from a dimethyl silicone to one in which all of the dimethyl units were re-
placed by methylphenyl, the trimethyl end groups remaining unchanged. Complexed ce-
rium was introduced into the commercial fluids by an improved version (14,16) of an
earlier process (13); final cerium contents were in the range 0.02 to 0.03 wt-percent.
Pertinent information about the high-polymer materials and their abbreviated designa-
tions for purposes of this report are listed in Table 1.

Pyrolytic stability tests were conducted at 400°C in a thermostatically controlled
aluminum block furnace. Most of the data were obtained with two types of borosilicate
glass cells: (a) straight tube cells, 16 x 150 mm, closed at the bottom, and sealed at the
other end to 2 3 x 60 mm capillary tube; and (b) side arm cells, similar to (a) except for
the insertion, above the main body of the cell, of a side arm 6 x 200 mm to serve as an
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air condenser closed at the end and inclined downward 60 degrees from the vertical.
Modifications of these cells were made as required: (c) some straight tube cells were
fabricated from quartz instead of borosilicate glass; and (d) side arm cells were modi-
fied by the introduction of a simple capillary viscometer axially supported from a ring
seal in the upper section of the main tube. A bypass around the seal permitted repeated
transfer of liquid for internal viscosity measurements. Because of the small length-to-
diameter capillary ratios and short efflux times, the viscosity values have an accuracy
of +10 percent at viscosities less than 20 cs.

Table 1
Properties of Siloxane Fluids Studied
Approx. Viscosity
Designation Structural Type Moé::ixz)lar (cs)

(®/Me)* 77°Fl 100°Ff
DMS Dimethyl siloxane - 50 39.5
DMS-Ce$ - 41.0
MPS (0.05)% Methylphenyl siloxane 0.05 50 59.9
MPS-Ce (0.05)" (slightly phenylated) 60.9
MPS (0.20)7 Methylphenyl siloxane 0.20 75 98.1
MPS-Ce (0.20)¢ (moderately phenylated) 98.2
MPS (0.30) Methylphenyl siloxane 0.30 100 81.3
MPS-Ce (0.30) (moderately to highly 84.3

phenylated)
MPS (0.75) Methylphenyl siloxane 0.75 300 249
MPS-Ce (0.75) (highly phenylated) 258
*From Ref. 5.

Manufacturers' nominal viscosities.
Determined values.
§Indicates cerium-treated material.
1Stripped of volatile components in a molecular still at 200°C and 8u pressure.

Cells were charged with up to 15-g samples introduced by means of hypodermic
syringes. The cells were evacuated to less than 0.05 mm mercury, during which time
they were warmed to 100°C, vigorously agitated to remove dissolved air and water, and
then sealed at the capillary stem. When the above procedure was prefaced by passing a
stream of helium through the warmed samples for 1 hr, similar pyrolysis results were
obtained.

The straight tube cells (a) were employed for the precise study of viscosity changes
with time. Internal viscosity cells (d) permitted continuous semiquantitative viscosity
measurements, and side arm cells (b) permitted the collection of volatile breakdown
products.

The more volatile degradation products were identified and quantitatively determined
in a Consolidated Electrodynamics Corp. Model 21-103¢c mass spectrometer. Those por-
tions of the breakseal tubes containing the pyrolyzed fluid were immersed in a series of
low-temperature baths (-196° to -23 °C) before the volatile components were permitted
to expand into the mass spectrometer for analysis.
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Other studies of volatile degradation products employed a combination of gas chro-
matography, infrared spectroscopy, and mass spectrometry. The vapor phase chroma-
tograph (VPC) used was a Beckman Model GS-2 fitted with either a 6~ft DC-550 silicone
column operated at 190°C, or a 12-ft Ucon HB-2000 column operated at 100°C. Individ-
ual chromatographic fractions were collected for subsequent identification by infrared or
mass spectroscopy using a fraction collector and techniques previously described (17,18).
Trapped fractions were transferred (usually in the vapor phase) to an infrared absorption
cell or introduced into the inlet system of a high-sensitivity Consolidated Engineering
Corp. Model 21-610 mass spectrometer.

Infrared spectral studies were carried out with one or more of three commercial
spectrometers. Routine spectra were obtained with a Perkin-Elmer Model 21 spectrom-
eter equipped with sodium chloride optics. High-resolution studies, mainly in the C-H
stretching region, were made with a Perkin-Elmer Model 112 instrument fitted with a
300-grooves/mm Bausch and Lomb plane grating blazed at 3u. Finally, a few spectra
were obtained with a Beckman Model IR-12 spectrophotometer.

Samples were studied as pure liquids, in CS, solution, and in the vapor phase. Most
liquids and solutions were studied in fixed absorption cells of known thickness. However,
because of the exceptionally strong absorption encountered, thin films of unknown thick-
nesses-were required in order to obtain satisfactory spectra in the 8-14u region. De-
pending upon the amount of sample available, vapor phase spectra were obtained on sam-
ples contained in either a conventional 10-cm gas cell, a Beckman microgas cell (20-ml
volume, 60-cm path length), or a Beckman minimum volume gas cell (1.95-ml volume,
7.5-cm path length).

POLYDIMETHYLSILOXANES
Results of Pyrolysis in Sealed Tubes

Figure 1 shows that the viscosity of the polydimethylsiloxane (DMS) decreased dras-
tically during the first hours, but leveled off asymptotically after about 48 hr (with a
70-percent viscosity loss). With cerium present, only a 20-percent viscosity loss oc-
curred over a 7-day period. During pyrolysis in side arm tubes, Fig. 2, DMS generated
approximately 50 percent by volume of low-boiling degradation products within 48 hr; in
contrast, DMS-Ce produced only 20 percent in 7 days.

The possibility that the surface of the borosilicate glass cells was catalytically ac-
tive was of some concern. To test this possibility, the pyrolysis of DMS and DMS-Ce
was repeated in straight tube cells fabricated from quartz. Since these results were in
excellent agreement with the earlier ones, it was concluded that borosilicate glass did
not significantly catalyze pyrolysis.

The above data suggest that the overall pyrolysis of DMS may be conveniently char-
acterized as follows:

DMS linear polymer <« degradation products (lower-molecular-weight materials). (1)

Figure 1 indicates that, at equilibrium, the reaction has proceeded a substantial ex-
tent towards the right, in contrast to that of the inhibited fluid which has obviously gener-
ated far fewer low-molecular-weight entities. True equilibrium was not obtained in the
side arm experiments because the more volatile degradation products were distilled
from the reaction mixture as they formed.
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Fig. 1 - Viscosity changes of poly-
siloxanes with time during straight
tube pyrolysis at 400°C (see Table 1

100] for identification of siloxanes)

VISCOSITY (cs @ I00°F)

C MPS-Ce_(.05)
MPS (.20)
DMS-Ce
- \\“““““ME§~LQ§L~

DMs
R R N N | I R IR IO N
I 2 3 4 5 6 7 1| 2 3 4 5 6 7
DAYS
50_
OMS MPS (.05)
40
30
220 05
w ons S s A
£ 10
]
£ 50
540~ /MPS (.20) MPS (.30)
30
20 . MPS-Ce (.75)
10 wPs-Ce (20) | wps-Ce (30 wes (st /
[l 1 | 1 1 1 [l 1 1 1 1 |‘ 1] 1
1 2 3 4 5 6 7 t 2 3 4 5 6 7 | 2 3 4 5

DAYS

Fig. 2 - Generation of low-boiling products
during side arm pyrolysis of polysiloxanes
at 400°C (see Table 1 for identification of
siloxanes)

Experiments with internal viscometer cells provide additional data on the effect of
cerium on the generation of low-molecular-weight degradation products under equilib-
rium conditions. This was accomplished by pyrolyzing DMS and DMS-Ce in such cells
and, during separate runs, collecting quantities of distillate judged to be either less than
or greater than that present in a steady-state mixture. After freezing the distillate con-
tained in the side arm, the viscosity of the residue in the reaction tube was determined
in situ. The thawed distillate was then recombined with the residue, the side arm sealed
off and detached from the cell, and the viscosity of the reconstituted fluid determined.
Pyrolysis was then continued and viscosity changes were followed at appropriate inter-
vals. The results are tabulated in Table 2.

In Run A with DMS, the low-molecular-weight distillate collected represented 27
percent of the original charge, and in Run B, 87 percent. Continued pyrolysis of the re-
combined distillates and residues showed that, for Run A, viscosities decreased to
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Pyrolysis Studies of Dimethylsiloxaflzlsﬂ:tzmo °C in Internal Viscometer Cells
DMS DMS-Ce
Run A Run B Run C Run D
Orig. visc. (cs at 100°F) 39.5 39.5 40.7 40.7
% Hr % Hr % Hr % Hr
Percent distilled vs time 27 4 | 14 1 19 28 64 750
20 2
51 48
87 96
Residue visc. (cs at 100°F) 36 - 47 84
Visc. change at 100°F (%) -10 - +17 +106

Visc. | Hr | Visc. | Hr | Visc. { Hr | Vise. | Hr

Visc. (cs at 100°F) of combined 23 0 9.5 0 34 0 22 0
residue and distillate vs time

19 3 12 17 34 3 23 2

17 6 11 24 33 6 25 72

13 9| 11 114 32 9

12 26 33 26

approximately the steady-state value shown in Fig. 1, and for Run B, they increased to
this value.

Similar experiments were conducted with DMS-Ce, Runs C and D. In Run C, 19 per-
cent of the original charge was collected in 28 hr. The viscosity (34 ¢s) of the combined
residue and distillate was virtually unchanged after additional pyrolysis.— an indication
that, by coincidence, the quantity of distillate collected approximated that which would
have been present at pseudo equilibrium in the reaction mixture after this period of
heating if the reaction products had not been distilled away. This conclusion was con-
firmed by the viscosity data of Fig. 1. Considerably more distillate was collected in
Run D, 64 percent over a 750-hr period. During the final 100 hr of this run, distillation
virtually ceased. A slow viscosity increase occurred when the combined residue and
distillate were heated for 72 hr. Had the pyrolysis of the recombined fractions been
continued, it appears possible that the viscosity would have risen to about the value ob-
served in the final treatment of Run C. The fact that the steady-state viscosity arrived
at in the DMS-Ce sample is nearly three times that for equilibrium in the uninhibited
DMS suggests that the pyrolysis reaction follows a different, as well as a slower, course
when cerium is present. .
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Analysis of Major Degradation Products

To acquire additional information about the uninhibited process, the degradation-
products of two oligomers of the polydimethylsiloxanes were examined, in addition to
those of the longer chain DMS. A simple nomenclature was used to designate the various
dimethylsiloxanes detected in the decomposition products. Linear dimethylsiloxanes are
represented by the symbol Si,, where the subscript x refers to the number of silicon
atoms in the molecule. Thus, Si, describes hexamethyldisiloxane; Si;, octamethyltri-
siloxane; etc. Cyclic compounds are designated in a similar manner as c-Si,.

Hexamer — Chromatographic analyses of the linear hexamer Si; showed it to be a
very pure compound, there being no observable peaks other than the main one. A 15-g
sample was sealed in a straight tube, which had been modified to include a breakseal,
and heated at 400°C for 96 hr. This tube could be sealed to the vacuum system and the
volatiles sampled without exposing them to air. Because of the volatility of the starting
material, no separation of volatiles and nonvolatiles was attempted. A VPC of the ther-
mally degraded material was obtained using the DC-550 silicone column. The results
are summarized in Table 3. Perhaps the most surprising aspect of these data was the
relatively small amount of degradation; 85 percent of the hexamer remained unchanged
after subjection to conditions which would have seriously degraded a high-molecular-
weight polydimethylsiloxane. To obtain a more useful description for the relative abun-
dances of the various degradation products, the number of moles present in 100-g sam-
ples of degraded hexamer were calculated and are listed in the fourth column of Table 3.
In making these calculations it has been assumed that each component has a density of
1.0 g/cc. The molar concentrations of the major products were nearly equal and very
close to 0.01 moles/100 g.

Table 3
VPC Analysis of Thermal Degradation Products from
Linear Siloxane Hexamer (Siz)* After 96 Hr at 400°C

Percent Molec- Equiv- Equiv-

Compound tcﬁ:f:#{ ular Iidgéegsi/ Mzi::tof Miii's’tof

(by Volume) Weight Si CH;
Si(CH,), trace 88 - - -

Si, 1.4 146 0.010 0.020 0.060
c-Si, 1.9 174 0.011 0.033 0.066
Si, 2.1 204 0.010 0.030 0.080
c-8i, 2.0 232 0.009 0.036 0.072
Si, 3.0 262 0.011 0.044 0.110
c-Sig 0.2 290 0.001 0.005 0.005
Si, 2.8 320 0.009 0.045 0.108
Sig 85.0 378 0.225 1.350 3.150
Si, 1.7 436 0.004 0.028 0.064
Total: 1.591 3.715

*Gas chromatography indicates this material to be better than 99 percent pure.
Approximate values, based on area of chromatographic peaks only,
Assuming all compounds to have a density of 1.0 g/cc.
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Listed in the last two columns of Table 3 are the equivalent moles of Si atoms and
CH, groups contained in the various compounds. By individually summing these two
columns and taking their ratio, the average value for the CH,/Si ratio, 2.335, was cal-~
culated. This ratio agreed very well with the CH;, /Si ratio of 2.333 for the pure hex-
amer, suggesting a reasonably high degree of internal consistency for the analytical
method.

Nonamer — The sample of nonamer Si,, of unknown purity, was pyrolyzed for ap-
proximately 48 hr at 400°C. Infrared and VPC analysis of the volatile fraction showed it
to consist mainly of cyclic trimer, together with a moderate amount of linear dimer and
a trace of cyclic tetramer. The liquid portion of the sample was analyzed by VPC using
the DC-550 silicone column. Unfortunately, the maximum column temperature achieved
(190°C) was not sufficient to elute any components boiling higher than the linear hep-~
tamer Si,, or the cyclic octamer c-Sig, and a complete analysis of the sample was not
possible. The observed components and their relative concentrations, again based on
peak areas, are summarized in Table 4. As in the case of the hexamer, the average
value for the CH,/Si ratio in the degradation products could be calculated. The value
thus obtained, 2.268, fell between the CH3/Si ratios for Si; and Sig, which are 2.285
and 2.250, respectively. The corresponding ratio for the nonamer is 2.222. The dis-
crepancy between the theoretical and observed CH;/Si ratios may be due to several
factors, e.g., (a) loss of some of the volatile portion of the sample, which consisted
mainly of c-Si, and c-Si,, during the sampling procedures, and (b) inability to elute
siloxanes, having boiling points above that of Si,, from the chromatograph as distinct
peaks, so that the analysis given in Table 4 does not include the concentration of Sig,
Sigy, or higher homologs.

Table 4
VPC Analysis of Thermal Degradation Products from
Linear Siloxane Nonamer (Sig)* After 48 Hr at 400°C

Percent Molec- y Equiv- Equiv-
Concen- Moles alent alent

Compound ~ trationt Wléliagl"lt 100 gt Moles of Moles of
(by Volume) Si CH,
Si, 0.1 146 0.001 0.002 0.006
c-8Si, + Si, 11.4 174 0.066 0.198 0.396
c-Si, 9.1 232 0.039 0.156 0.312
Si, 11.9 262 0.045 0.180 0.450
c-8Si, 4.0 290 0.014 0.070 0.140
Sig 21.0 320 0.066 0.330 0.792
c-8ig 0.6 348 0.002 0.012 0.024
Si, 25.8 378 0.068 0.408 0.952
Si, 16.2 436 0.037 0.259 0.592
Total: 1.615 3.664

*Purity of nonamer unknown,
Approximate values, based on area of chromatographic peaks only.
Assuming all compounds to have a density of 1.0 g/cc.
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A comparison of the volatile pyrolysis reaction products from the nonamer and the
hexamer reveals that the former contained larger proportions of both the linear and
cyclic polymers of lower molecular weight. Calculations for the nonamer assumed that
the 11.4-percent fraction containing the combined c-Si; and Si, was divided approxi-
mately equally between the two components.

Long-Chain Polydimethylsiloxane (DMS) — A sample of DMS was heated in a side
armcell for 3hr at 400°C, after which the degradation products in the side arm amounted
to 10-15 percent by volume of the original
sample. The side arm was cooled in liquid
Table 5 nitrogen and the main tube was heated to 100°C
VPC Analysis of Thermal Degrada- so as to transfer the remaining volatiles to the
tion Products from Polydimethylsi- side arm tube, which was then sealed off. After

loxane (DMS) After 3 Hr at 400°C in being warmed to room temperature, the side
Side Arm Cell arm was opened and the contents analyzed by
' VPC using the 6-ft DC 550 column.
Compound c oxi:eexr‘:;igtion The total area under the chromatographic

curve was about 85 percent less than one would

(by Volume)* expect from the total injected sample, indicat-

Si 0.2 ing that the material collected in the side arm
2 : contained an appreciable fraction that was rel-

c-Sij 56.5 atively nonvolatile at 190°C, the operating tem-
c-Si, 32.9 perature of the chromatographic column. The
c-Sig 5.2 results from the remaining 15-percent, ana-

. lyzable, low-boiling fraction differed markedly
Sis 1.5 from those obtained for the hexamer and
c-Sig 3.7 nonamer in that mainly cyclic siloxanes, to-
Si, trace gether with a trace of what were probably linear
c-Si, none dimer and heptamer, were observed. The per-

cent concentrations of these products are sum-
marized in Table 5. The major products for
which chromatographic peaks were obtained
were the cyclic trimer and tetramer, which

*These figures represent the per-
cent concentrations of that side
arm material which volatilized

into the chromatograph at 190°C. constituted almost 90 percent of the total. Of
(This material represents about the remainder, 9 percent were accounted for by
15 percent of the total collected in c-Sig and c-Sig.

the side arm.)
Another portion of the side arm fraction

was attached to a vacuum system and stripped
of volatiles. A chromatograph of the residue showed no peaks, indicating that all of the
volatile linear and cyclic polymers had been removed leaving only siloxanes having chain
lengths greater than Si,. An infrared spectrum of this residue showed a higher tri-
methyl end-group concentration than did the original DMS, indicating a shorter average
chain length. This result is consistent with the strong predominance of cyclic products
in the more volatile decomposition products.

Cerium-Inhibited Polydimethylsiloxane (DMS-Ce) — A sample of DMS-Ce was sealed
in a side arm cell and heated for 70 hr at 400°C. The proportion of volatile material
collected in the side arm was approximately one-fourth that produced by a 3-hr heating
of uninhibited DMS, As with DMS, almost all of the condensate from the stabilized mate-
rial contained cyclics, and the less volatile portion consisted of linear polymers larger
than Si,. (The results are shown in Table 6.)

The above experiments with DMS and DMS-Ce were repeated, except that heating
times of 6 and 72 hr, respectively, were employed to obtain equal proportions of distillate
(20 percent). The composition of the degradation products was the same as that of the
earlier experiments.
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Table 6
VPS Analysis of Thermal Degradation Prod-
ucts from Cerium-Treated Polydimethylsi-
loxane (DMS-Ce) After 70 Hr at 400°C in
Side Arm Cell

Percent
Compound Concentration
(by Volume)

Si, trace
c-Si; 40.2
c-Si, 50.1
c-Sig 6.2
Sig trace
c-Sig 3.6

Mechanism of DMS Thermal Degradation

The disparity between the rates of evolution of volatiles from cerium-treated and
untreated polydimethylsiloxanes is remarkable when it is considered that the quantity of
cerium present is very small, approximately one atom for every 200 to 250 molecules of
polymer. Since the major pyrolytic degradation products of polydimethylsiloxanes are
cyclic and short-chain linear polymers, rupture of —Si—O~— linkages must occur con-
siderably more readily than that of —Si—C. As the bond energy of the former is approx-
imately twice that of the latter, the basis for the preferential rupture of the —Si—QO—
bond is not obvious. A commonly postulated explanation, which does not necessarily
assume the influence of a metal impurity, is that rearrangement takes place through a
low-energy path (19), e.g.,

CH, CH, CH CH (ct) 2
| 3 I 3 | 3 I 3 | /O\
—Si—0—8i—0—S8i—0: — ¢+ __Si_0_-5i s1_.(CH3)

[ )

2

CH, CH, CH, CH, o\ /o
Ti
(CH3)2
CH
(\3) 2
Si
CH CH CH CH
3 3 N
B | | ¢ o
—8i—0—8i + —S8i—0_—8i—0: + |
| | | | /Si\ N
CH, CH, CH, CH, (CH3) o (CHS)
2 2

Although this reaction sequence is possibly oversimplified, it provides a valid rationale
of the observed facts.
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The commercial DMS fluid used in the present investigation contained a normal
complement of trace metal impurities, as shown by spark spectrographic analysis. The
extraneous metal contents of the two lower polymers, the hexamer and nonamer, are not
known but are probably not significantly different from that of the DMS. Reference has
already been made to the catalytic thermal degradative effect of certain metals in silox-
anes. It is, however, not necessary for the purpose of this study to make a choice be-
tween a pyrolysis mechanism based on uncatalyzed —Si—O— bond rupture and one re-
quiring the presence of extraneous metals.

Because it has been established (4,20,21) that, at equilibrium, both linear and cyclic
molecules are present in a pyrolyzed polydimethylsiloxane, the reaction in Eq. (1) may
now be characterized more precisely as

Si, ., e Si, +c=Si, (3)

where n =2 and x = 3. Using the hexamer Si; as an example, according to the reac-
tion in Eq. (3) and the restrictions on n and x, two initial reactions can be written:

Sig «—— Si, + c-8i, (4a)
Sig «<— Si; + c-Sis. (4b)

As a result of these reactions, the species formed may further react with the parent
hexamer to generate larger linear molecules, and these in turn may either degrade into
smaller linears and cyclics or increase in size. The final equilibrium concentration will
depend on a large number of factors, especially the temperature and the equilibrium con-
stants for the individual reactions, and a quantitative interpretation of the data would be
difficult, if not impossible. It seems clear, however, that the qualitative aspects of the
observed data are readily explainable in terms of the relatively simple equilibrium re-
actions listed above in Reactions 3 and 4.

The differences between the composition of the volatile pyrolysis degradation prod-
ucts of the hexamer and nonamer suggest that the shorter the chain length, the more
stable the siloxane molecule. When the molecular chain is of sufficient dimension, pos-
sibly in the region Si,,, the effect of chain length on stability becomes of less signifi-
cance because, for practical purposes, all —Si—O— bonds are essentially equivalent,
except for those subject to end-group effects.

With large polymers in the DMS category (mol wt about 3500) the average molecular
structure is

CH,
(CH,),Si—0 —|s1-o —Si(CH,),

CHs /s

Thus an application of the reaction given by Eq. (3) yields the general degradation reaction
Siy; —— c-Si_ +Si,, . (5)

Although the formation of higher cyclics has been verified by other investigators, the
data reported herein for DMS gives no evidence for the formation of significant amounts
of cyclics in the ¢-Si,_, range, although they would have been detected if present. Thus
n can assume values ranging from 3 to 6.
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Further equilibration leads to the formation of increasing amounts of lower-
molecular-weight linear siloxanes according to the reactions

Si,, 4 c-Si + Si,, (6a)

Sigy.n 4> €Sy + Slgs_ (nrm (6b)

Si47. (nemy <7 €81, + Siyy (nimroy (6c)
Si47_ (ntmtoy <= €Sy + 8lsy_ (nimiorp) (6d)

where the subscripts n, m,0, and p can assume all possible combinations of integers
ranging from 3 to 6. If is fairly obvious that such a process will lead to the formation of
linear molecules having a wide distribution of molecular weights. Consider, for exam-
ple, the molecular weight range possible after the completion of only four reaction steps,
as given by Eq. (6d). The quantity n+m+o0+p can assume values ranging from 12
(n=m=0=p=3) to 24 (n=m=0=p=6), resulting in a linear siloxane distribution of Si,,
to Sizs. Moreover, Si,, is only the average structure and, in reality, the original DMS
has a size d1str1but1on of perhaps Sizs to Sigg. Apphcatmn of the degradation process
to such an initial distribution results in a size distribution of Si;; to Sig,. Sucha
process is consistent with the experimental observations described above.

Evidence for the degradation process postulated above is further fortified by the fol-
lowing experiment. A sample of DMS was heated in a side arm cell for 3 hr at 400°C,
after which the side arm and its contents were removed, attached to a vacuum line, and
the more volatile components (predominately cyclics) were separated by fractional distil-
lation. The residue, which presumably contained mostly linear siloxanes of reduced
molecular weight (about Sig to Si,.), was resealed under vacuum and again heated for
2 hr at 400°C. Results of the chromatograph1c examination of the pyrolyzed material
are given in Table 7.

Table 7
VPC Analysis of Thermal Degradation
Products* from Additional Pyrolysis of
DMS Side Arm Tube Contents After 2 Hr

at 400°C
Percent
Compound Concentration
(by Volume)
Si, 0.6
c-Sij 17.7
c-Si, 48.4
c-Sig 10.6
Sig 3.7
c-Sig 9.4
Sig 5.1
c-Si, 2.6
Si, 1.7

*Side arm contents from DMS pyrolysis
stripped of volatile components before ad-
ditional pyrolysis of residue.
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Comparison of the products from the twice-pyrolyzed material with those from the
original DMS (Table 5) shows that, in the products of the second pyrolysis, the concen-
tration of c-Si; was much smaller and that of the higher cyclics c-Sij_, was somewhat
greater than at first. More significantly, the area under the chromatographic curve
from the twice-pyrolyzed material indicated a higher proportion of lower-molecular-
weight materials. These results were confirmed by infrared spectra.

It is also useful to compare the results in Table 7 with those for the straight tube
pyrolysis of the hexamer Si; (Table 3) and the nonamer Siy (Table 4). The stability of
the (about Sig to Si, s) material was not greatly different from that of the nonamer, and
both were substantially less stable than the hexamer. This is additional confirmation of
the earlier observation regarding the greater thermal stability of the lower oligomers.

The general reactions summarized above (Egs. (3) through (6)) may now be exam-
ined from a slightly different point of view. They are consistent with a mechanism in
which the initial thermal rupture of the polymer backbone, leading to the formation of a
cyclic, initiates an anion-propagated chain reaction, which may be characterized as an
"unzipping' process. Such a reaction would in all likelihood continue until (a) the resid~
ual linear residue was too short to cyclize readily, or (b) the anionic chain propagation
was deactivated by recombination or proton acquisition, or (c) an appropriate site was
available to absorb the activation energy involved in the degradation process.

Although the reactions described account for the greater part of the thermal degra~
dation products of DMS, other reactions do occur. As shown in Table 8, mass spectro-
graphic studies revealed that methane and hydrogen were also generated. No significant
differences in concentration were noted between the DMS and DMS-Ce products; the
quantities involved were sufficiently small to be considered second-order effects.

Table 8
Mass Spectrographic Analysis of Siloxanes After Pyrolysis in
Straight Tube Cells at 400°C for 72 Hr

Moles/100 g Siloxane
Designation

Hydrogen Methane Benzene
DMS 0.4x10-% 0.4x10-3 none
DMS-Ce 0.1x10-5 0.3x10°3 none
MPS (0.20) 0.3x10-3 0.01x10-3 3x10-6
MPS-Ce (0.20) 0.3x10-3 0.03x10-3 3x10-6
MPS (0.75) 0.4%x10-3 0.01x10-3 1x10-6
MPS-Ce (0.75) 0.3%x10-3 0.03x10-3 2x10-6

Mechanism of DMS-Ce Thermal Stabilization

The experiments described have revealed rather important changes that occur in the
pyrolytic decomposition of polydimethylsiloxanes as a result of the addition of cerium.
Before a mechanism is suggested to explain these changes, it is appropriate to summa-
rize what is known about the form in which cerium is present in stabilized siloxanes (16).
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The configuration of the cerium acetylacetonate-methylhydrogensiloxane (MHS)
adduct is believed to approximate the following (16):

CH, CH,
>C OH C/
HC \O O/ \CH
CH3—("3 \Ce/ (ll—CH3
N NS

o 0)

H 0] H H

—0—8i—0—8i—0—Si—0—Si—
CH, CH, CH, CH,

I

When DMS is stabilized by admixture with the MHS adduct and aerating at 270 °C, the
following reactions are likely to occur:

1. The ligands are oxidatively destroyed.
2. Residual hydrogen in the MHS is oxidized to silanols which:
a. react intermolecularly with basic ceryl acetylacetonate,
b. condense with themselves intramolecularly to form silsesquioxanes, or

c. condense intermolecularly with silanol groups produced in the DMS molecule
by oxidation.

The precise configuration of the resultant cerium-containing structure has not yet
been established. Useful discussion can be based on the postulate that cerium becomes
essentially an integral component of the siloxane system, being bonded to silicon through
oxygen. Its valence state can be 3 or 4, and it may have a coordination number of 6 or 8.
In this state, cerium could reasonably constitute an active site, capable of participating
in further reactions. One entity available for reaction at these sites is an anion gener--
ated as a result of thermally induced rupture of the —Si—O~— bond. Statistical consid-
erations indicate that a cerium atom would nearly always be available in the vicinity of
the rupture (14).

It could be assumed that the probability of this anion being within reacting distance of
its own chain is greater than that of getting within reacting distance of the cerium. Since,
however, the experimental evidence shows that the presence of cerium reduces the rate of
cyclic formation, there is a strong implication that the activation energy required for
reaction of the cerium complex with the anion must be substantially smaller than that for
rupture of the —Si—O— bond involved in the formation of a cyclic. The structure re-
sulting from the interaction of the anion with the cerium site would have a net negative
charge. Electrostatically attracted siloxane cations would be likely to react with one of
the anions of the complex, thus regenerating the —Si—O— bond originally destroyed by
rupture and leaving the complex again neutral.
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The above sequence, although oversimplified, does provide a useful point of depar-
ture to elucidate the role of cerium. In the normal course of events, rupture of an
—Si—0O— bond initiates the "unzipping" process; if, however, the Si—O anion is even
momentarily stabilized, as by interaction with cerium, the subsequent reaction then need
not follow its usual course leading to the formation of cyclics.

The suggested mechanism usefully explains a number of phenomena observed during
the pyrolysis of DMS and DMS-Ce:

1. Primarily cyclics are evolved very slowly from DMS-Ce. If the proposed stabi-
lization mechanism were completely efficient, there would of course be no evolution of
low-molecular-weight entities. It is probable, however, that the process is not com-
pletely efficient; therefore, some cyclics would be formed, but it would be statistically
improbable that the "unzipping' process of the type occurring in DMS would continue to
any great extent before the termination reaction with the active cerium site would occur.
A collateral result of this reduction in "unzipping' is that only a very few linear frag-
ments are formed that are of sufficiently low molecular weight to be volatilized under
the experimental conditions.

2. The viscosity of the nonvolatile residue from DMS is essentially unchanged from
that of the original material, whereas that from DMS-Ce increases with time. Two fac-
tors probably account for the properties of the DMS residue: (a) the "unzipping' process,
once commenced in a particular molecule, probably goes rapidly to completion; mean-
while, the majority of the remaining siloxane molecules are essentially unchanged, al-
though they may be diluted to some extent with partially degraded, but relatively non-
volatile, entities; and (b) secondary reactions do not occur to any significant extent
because of the speed of the main reaction. With DMS-Ce, however, the "unzipping" .re-
action proceeds more slowly. Thus secondary processes resulting in fragmentation and
recombination become increasingly important.

3. The evolution of volatile degradation products from DMS-Ce ceased after about
650 hr of pyrolysis. This increasing stability of the residue may be a result of the in-
creasing concentration of cerium. No experiments were performed to establish the
optimum cerium concentration for thermal stability at 400°C.

PHENYL-CONTAINING SILOXANES
Results of Pyrolysis in Sealed Tubes

The behavior of these phenyl-substituted siloxanes under thermal stress differs in
important respects from that of the dimethylsiloxanes. In the straight tube cell experi-
ments, as the phenyl content of the untreated methylphenylsiloxanes (MPS) increased, the
viscosity-time patterns increasingly diverged from that of DMS. Although viscosity de-
creases similar to those shown by DMS were encountered with MPS (0.05) and MPS (0.20),
they were smaller than that of the fully methylated fluid. With MPS (0.30) an initial
minor viscosity decrease was followed by a slow increase, so that by the end of 7 days
its viscosity had returned to its original value. The behavior of MPS (0.75) resembled
that of MPS (0.30), except that its viscosity increase was more pronounced. Commencing
on the 2nd or 3rd day, the viscosity of theformer increased rapidly; at the conclusion of
the run it was about twice that of the original oil.

Like DMS-Ce, cerium-inhibited MPS fluids displayed viscosity changes markedly
different from those of their uninhibited precursors. MPS-Ce (0.05) underwent virtually
no change, whereas MPS-Ce (0.20) showed an initial viscosity decrease of minor propor-
tions, followed by an increase. The two more highly phenylated fluids showed no initial
viscosity decrease, but rather an immediate and relatively steep rise — MPS-Ce (0.75)
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exhibiting the larger rate of increase. When runs with the latter fluid were extended for
an additional 2 or 3 days, gelation resulted.

In the side arm tube experiments, Fig. 2, with the exception of the highly phenylated
MPS (0.75), all uninhibited phenyl-containing fluids produced at least 50 volume percent
of low-boiling degradation products within 48 hr. In this respect they resembled the be-
havior of DMS. The condensate from MPS (0.75) was only about 10 percent of the original
volume after 4 days of pyrolysis, and the run was terminated at this point because the
residue became excessively viscous. Except in the case of MPS (0.75), the cerium addi-
tive significantly reduced the rate of evolution of degradation products from all of the
MPS fluids. The addition of cerium to MPS (0.75) reduced the rate of evolution of vola-
tiles only slightly.

Analysis of Major Degradation Products

Samples of MPS (0.75) and MPS-Ce (0.75) were pyrolyzed for several days at 400°C
in side arm cells, and approximately equal volumes of condensate were collected. Con-
densates were chromatographed in the 12-in Ucon HB-2000 column; the results are
shown in Table 9. The largest individual component was benzene, about 95 percent in the
case of MPS (0.75) and 99 percent for MPS-Ce (0.75). The remaining volatile material
in each case consisted of the disiloxane Si, and a mixture of compounds containing
Si—H groups.

Table 9
Thermal Degradation Products from MPS (0.75) and
MPS-Ce (0.75) Collected as Side Arm Distillate During
Pyrolysis at 400°C (VPC Analysis)

Relative Concentration
Compound (by Volume)
MPS (0.75) MPS-Ce (0.75)

Benzene 94.6 99.2

(CH,);Si—0~Si(CH,), 1.9 0.4
H

(CH;);Si—0—Si—0—Si(CH;), 1.7 0.2
ch,

(CH,),SiH 1.1 0.1
H

(CH;),;8i—0~8i(CH;), 0.5 < 0.1

Other * *

*Traces of seven other unidentified constituents.
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The residues in the main cell bodies appeared to be identical. Infrared absorption
analysis revealed bands attributable to residual benzene and Si~H. In comparison with
the original material, intensities of bands due to Si—¢ and Si-(CH3)3, decreased,
whereas those due to Si—O increased.

Additional studies were made in straight tube cells of the generation of hydrides
from MPS (0.20) and MPS (0.75) fluids and from their cerium-containing counterparts;
for comparison DMS and DMS-Ce were also examined (Table 10). Neither DMS nor
DMS-Ce developed hydrides during exposure to 400°C; in fact the minor quantity of hy-
dride present in the original DMS-Ce, probably a result of unreacted MHS in the adduct,
disappeared during pyrolysis. On the other hand, the nearly hydride-free highly phenyl-
ated MPS (0.75) fluids, both with and without cerium, contained 0.65 and 0.86 percent
hydride groups, respectively, after 7 days at 400°C. When the heating period for MPS
(0.'75) was extended for an additional 3 days, the hydride content increased to 0.77 per-
cent. Pyrolysis of MPS (0.20) and MPS-Ce (0.20) produced hydride contents which were
approximately half those of the highly phenylated fluids. It is apparent, therefore, that
the pyrolysis-induced hydride content of the siloxanes is a direct function both of their
phenyl contents and of exposure time to heat; it is not significantly affected by the pres-
ence of cerium.

Table 10
Effect of Siloxane Pyrolysis on Hydride Content at 400°C
: ; Heating Period Si—H Groups
Designation (Days) (Percent)
DMS none <0.01
DMS 7 <0.01
DMS-Ce none 0.03
DMS-Ce 7 <0.01
MPS (0.20) none < 0.01
MPS (0.20 7 0.39
MPS-Ce (0.20) none 0.05
MPsS-Ce (0.20) 7 0.42
MPS (0.75) none < 0.01
MPS (0.75) 7 0.65
MPS (0.75) 10 0.77
MPS-Ce (0.75) none 0.04
MPS-Ce (0.75) 7 0.86

When pyrolyzed methylphenyl-containing siloxanes were later exposed to air at am-
bient temperatures, they underwent significant viscosity increases. This behavior paral-
lels that of methylhydrogensiloxane (MHS) and is a probable result of oxidation and/or
hydrolysis of the hydride, followed by crosslinking through oxygen.

In other experiments, mass spectrographic analysis of volatile products from the
pyrolysis of MPS (0.20) and MPS (0.75) fluids (Table 8) confirmed the presence of ben-
zene, although only minute concentrations were observed because of its low vapor pres-
sure at the analysis temperature. Both methane and hydrogen, on the other hand, have
appreciable pressures under these conditions, and the low concentrations found were a
reasonably accurate measure of the amounts actually generated. Cerium had little effect
on the generation of these materials.
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Effect of Structure on Pyrolysis-Induced Property Changes

The data presented are useful in explaining some of the gross changes observed
during the pyrolysis of phenyl-substituted siloxanes. Figure 1 demonstrates that, as the
phenyl content increases in going from DMS to MPS (0.75), the viscosity-time relation-
ship undergoes drastic changes. In the case of DMS, the abrupt initial decrease in vis-
cosity results from the formation of low-molecular-weight cyclics and linear entities;
the limiting viscosity reflects the equilibrium mixture of dimethylsiloxanes. Since MPS
(0.'75) cannot form cyclic dimethylsiloxanes without undergoing rearrangement of a type
which evidently does not occur, the "unzipping' process postulated for DMS cannot take
place. What does in fact occur — a viscosity decrease followed by an increase —is evi-
dently the result of at least two distinct processes. The first process reflects the dilut-
ing effect of the benzene generated. The second, crosslinking or some other polymeri-
zation process, takes place either concurrently with the first, or shortly thereafter.
Since the second process is evidently the dominant reaction, the net result over a long
time period is an increase in the viscosity of the fluid. Given a sufficient pyrolysis pe-
riod, the fluid gels.

The effect of cerium on the pyrolysis of MPS (0.75) appears to be minor compared
to its effect in the case of DMS. It will be recalled that the compositions of the degrada~-
tion products from MPS (0.75) and MPS-Ce (0.75) were essentially identical, but the
evolution rate from the latter fluid was slightly less than from the former (Fig. 2). With
lesser amounts of low-molecular-weight degradation products thus available as diluents
in MPS-Ce (0.75), the viscosity increase due to crosslinking would be more apparent
(Fig. 1).

The thermal stability, in straight tube cells, of copolymers of dimethyl and methyl-
phenylsiloxanes, i.e., MPS (0.05), MPS (0.20), and MPS (0.30), can be rationalized on the
basis of their being hybrids of DMS and MPS (0.75). All are capable of forming cyclics
and other low-molecular-weight siloxanes during pyrolysis, but as the methylphenyl
content increases, the crosslinking effect, with its concomitant viscosity increase, as-
sumes added significance. As a consequence, the viscosity-time behavior of pyrolyzed
MPS (0.05) strongly resembles that of DMS, while the changes in MPS (0.30) more
closely resemble those of MPS (0.75).

In view of the small quantity of degradation products resulting from the pyrolysis of
MPS (0.75) in side arm tube cells, as compared to that from DMS (Fig. 2), it would be
anticipated that MPS (0.30) would produce less volatiles than MPS (0.05). That no such
relationship was observed over 24-hr test periods cannot be readily explained, unless it
is assumed that MPS (0.30) contains some polydimethylsiloxane impurity.

The effect of cerium on mixed dimethyl-methylphenylsiloxanes is consistent with the
hypothesis that it effectively deactivates the ionic species formed by the rupture of
—Si—0O~— bonds, thus diminishing degradation by "unzipping'' when three or more such
bonds occur consecutively. With the dimethylsiloxy bond thus deactivated, the fluid then
approaches the stability of the remaining methylphenyl component. The data presented
in Figs. 1 and 2 for these cerium-~treated fluids support such an hypothesis.

Mechanism of MPS (0.75) Degradation

There remains to be discussed the mechanism of the more significant reactions in-
volved in the pyrolysis of polymethylphenylsiloxanes. Although insufficient data are
available to support a firm hypothesis regarding the decomposition mechanism of these
fluids, enough have been obtained to justify limited speculation about the general proc-
esses involved. The most obvious chemical problem in the degradation of these siloxanes
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is the source of hydrogen required for the formation of relatively large quantities of
benzene and hydrides, and lesser amounts of hydrogen gas, methane, and other second-
ary decomposition products.

The formation of hexamethyldisiloxane and the various hydrides is probably a con-
sequence of reactions and recombinations of trimethylsilyl and trimethylsiloxy end
groups ruptured from the siloxane chain. Rupture of these groups from MPS (0.75)
would result in mono- and difunctional fragments that could combine in a linear way to
form higher-molecular-weight and more viscous siloxanes. The observed diminution in
trimethylsilyl end-group concentration of the residual fluid with increasing pyrolysis
time is consistent with such a mechanism. However, it seems unlikely that enough of
such larger linear molecules result from this process to account for the rapid increase
in viscosity and the final gelation observed in MPS (0.75) under thermal stress. It is
probable, therefore, that much of the increased viscosity results from crosslinking re-
actions associated with the formation of benzene, Si—H groups, H, gas, etc. In the
presence of air, bridging occurs through oxygen; in the absence of air, a phenylene
bridge may be 'considered, particularly since it would account for many of the reaction
products. Such a bridge may come about in many ways, the following reaction sequence
being one possibility:

cI:H3 (|:H3
—0~§i—0— 40—y —0—8i—0— + @
II I v

Abstraction of hydrogen from a phenyl substituent on another molecule would result in
formation of the phenylene bridge and benzene:

[ P P
—0—§i—0— + —O—Si—0— + O + , —0—8i—0— + ©
—0—8i—0—
I I v v VI

Thus, for each such bridge formed, a mole of benzene would be generated. The
quantity of benzene recovered from side arm cell experiments, after a pyrolysis period
of sufficient duration to approach gelation of the residue, was of the order of 1.5 moles
per mole of MPS (0.75). This is in reasonable agreement with the quantity which would
result from the reaction sequence postulated above as crosslinking increased the viscos-
ity towards the gelation point. Similar abstraction of hydrogen from a methyl, rather
than a phenyl, substituent would result in methane and crosslinking through a methylene
bridge. This reaction would appear to be of secondary importance in view of the relative
quantities of benzene and methane found in degraded MPS (0.75).
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Another degradation product which must be accounted for in any reasonable material
balance is hydride. That hydride formation during pyrolysis is a function of phenyl con-
tent was shown in Table 10. Table 9 indicated that the hydride replaces either a phenyl
or a terminal methyl group. Although the proportion of Si—H groups formed in pyro-
lyzed MPS (0.75) is significant, particularly when it is observed that no hydride is gen-
erated in DMS, its actual concentration is relatively small — approximately 1 mole per
10 moles of MPS (0.75). The hydride could be formed by a number of reactions, two
possibilities being:

C]3H3 (",‘H 5 ?H3 CH,

—0—8i—0— + —0—8i—0— 4—, —0—8i—0— + —0—8i—0—

H
I I v VI
CH, CH, CH, CH,

—0~8i—0~ + CH;—8i. <— CH;~Si—H + —0—S8i—0—

O O

I IX X VIII

Other reactions involving, for example, formation of methyl rather than phenyl radicals
would also account for these hydrides.

The reaction sequences depicted above show in a general way how the more impor-
tant consequences of the thermal degradation of MPS (0.75) (and the cerium-containing
derivative) could occur. Some of the postulated key reaction products, however, have not
been identified, and it is probable that compounds or macromolecules were formed which
have not been detected. These gaps in the data reflect the experimental and analytical
difficulties inherent in reaction mechanism studies at high temperatures.

CONCLUSIONS

The effect of cerium in reducing the pyrolytic decomposition of polysiloxanes at
400°C has been studied. It is postulated that long-chain polydimethylsiloxanes decom-
pose by an anion-propagated chain reaction leading primarily to the formation of cyclics.
When complexed cerium is introduced into the polymer, this process is interrupted, pre-
sumably due to the interaction of the anion and cerium site. Recapture of an anion by
the electrostatically induced approach of a cation results in a reconstituted siloxane
chain, and a cerium site again is available for reaction.

Although cyclic compounds are not formed when polymethylphenylsiloxanes are
pyrolyzed, rearrangements leading to crosslinking do occur. Cerium has little or no
effect on this reaction; however, it stabilizes dimethyl-methylphenyl copolymers in pro-
portion to the dimethyl content.
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The practical utilization of siloxanes in high-temperature applications is dependent
upon other factors of importance comparable to the resistance to pyrolysis, e.g., lubric-
ity, oxidation stability, etc. Although work yet remains to improve the lubricating char-
acteristics of these fluids, their useful attributes, particularly their stability and out-
standing viscosity-temperature characteristics, make them attractive candidates in
systems that can take advantage of the additional oxidation and thermal stability imparted
by cerium. With regard to thermal stability, it would appear that in systems which can
utilize siloxanes, the stabilized dimethyl or lightly phenylated materials would be of
most interest because of their excellent inhibitor response and their resistance to major
viscosity changes during long periods of exposure to heat.
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