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ABSTRACT

This report concerns the application of infrared and ultra-
violet absorption spectroscopy to the determination of composition
and molecular structure of silicone fluids. The spectra of a number
of pure reference compounds of open~chain, cyclic and branched dimethyl
siloxanes have been obtained for the first time. The spectral data
have been correlated with molecular structure and several useful rela-
tionships have been determined.

These relationships have been used in a partial interpretation
of the spectra of several commercial silicone fluids. The types of
polymer structures in each of the silicones examined has been determined,
but in some cases the exact structure cof the polymer has not been deduced.

One silicone fluid, a Dow Corning 500 Series sample composed
of open-chain dimethyl siloxanes, was studied extensively for change of
structure produced by polymerization. Evidence concerning the mechanism
of polymerization produced by several methods of treatment has been ob-
tained and the results are discussed.
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INTRCDUCTION

A, Authorization

1ls This investigation was authorized by Bureau of Ships Project
Order No. 193/L6 dated 1 July 19L5 and by Bureau of Ships letter JJ1L(350)
dated 19 October 1942.

B. Statement of the Problem

24 The development of silicone polymers under the impetus of World
War II has resulted in the production of several products which have found
important applications during the war. liost of these applications have
been due either to the unusually low temperature coefficient of viscosity
or to the unusual high-temperature thermal oxidation stability of these
polymers. These characteristics are responsible for the effectiveness of
silicone fluirs as instrument oils and in hydraulic and dash-pot systems,
for exemple, and for the effectiveness of silicone varnishes and resins as
insulation for electrical power equipment. The war-time spplications of
these products will undoubtedly continue to develop and multiply in the
post-war period and it may be assumed confidently that silicone products
will be encountered frequently both in naval and industrial use in the
future. It is imperative, therefore, that methods for determining the
composition of these materials be developed.

2 Regardless of the especially desirable characteristics of sili-
cone polymers their utilization in certain applications frequently has

been limited and even prohibited by other undesirable properties of the
polymers. For example, the lubricating properties required in certain
instruments and hydraulic systems prohibit the utilization of the unusually
good temperature~viscosity characteristics of the silicone fluids in these
applications. This difficulty, in particular, now has been partially over-
comg as a result of extensive research and testing and frequently can be
avoided by careful specification of system components and conditions. (See
NRL Report P-2227 and NRL letter report C-JJ76(LS8-HS) dated 2l May 19LS).
The ultimate explanation of such -difficulties, however, and the key to the
formulation of remedies for thesc difficulties must depend at least partly
on a fundamental interpretation of the molecular structure and properties
of the materials. In view of the importance attached to the problem it
secmed desirable to apply the methods of absorption spectroscopy to an
examination of silicone polymers in the hope of deriving data of a funda-
mental nature which would assist in the formulation of molecular concepts
leading to the solution of some of the problems arising in the applications
of silicone polymers.

l. In addition to such fundamental considerations it was considered
desirable to d~velop a method of examination of commercial silicone products
which could be used to check the identity or non-identity of batch samples
from the same or different sources and, in general, to analyze for silicone
polymer content in unknown samples originating in the course of work at

this Laboratory or elsewhecre. Because of the chemical inertness of these
polymers and the ensuing difficulty of chemical analysis, measurement of
absorption spectra seemed a logical choice in view of the uniqueness of

ihis ihisical property for analytical purposes.
A
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C. Previous Work

5. The application of silicone polymers to nnval usage has been
extensively investigated at this Laboratory and the results are to be
found in NRL Reports P-2481, P-2530, P-21,99, P-2681 and in other rcports
being prepared. Full discussions of the applications of these polymers,
of their peculiar characteristics and the problems resulting therefrom
arc given in these reports and will not be repcated here.

6. Previous work on the spectroscopic ecxamination of silicone
polymers has not been published. The General Electric Company has indi-
cated in conference that infrared mcasurcments have been made at their
Schenectady Laboratories on various silicon compounds. Their work, how-
ever, has been limited to the analysis and control of the reactants used
in the production of the silicone polymers, and no work has beecn done on
the products.

T The Dow Corning Corp. at liidland, Michigan has examined a large
number of silicon compounds, including some silicone polymers. It has
been indicated that the spectroscopic data obtained at the Dow Chemical
Company will eventually be publishcd by Dr. liright of that company. These
data have not been made available gencrally although the infrared spcctrum
of one Dow Corning cormercial fluid was forwarded to this Laboratory. The
detail of the spectral data forwarded was so incomplete, however, that it
was impossible to evaluate the possibilities of infrared investigation
from it. In addition, it was indicated in conference that the course of
the spectroscopic investigations at Dow Chemical was not directed zlong the
lines desired at this Laboratory and could not be expected to provide
information useful to this Laboratory for correlation with work on the
lubricating properties of silicone fluids.

8. In view of these facts it was considered desirable to investigate
the absorption spectra of silicone products independently, utilizing the
superior infrared facilities at this Laboratory.

D. Method of Atbtack

9. The application of absorption spectroscopy to the problems
outlined in the preceding paragraphs involves the interpretation of
spectroscopic data in terms of the molecular structures of the sample.

The numcrous absorption bands in the spectrum of a compound are determined
by the configuration or arrangement of the atoms comprising the molecule:
Bertain bands may be correlated with spceific atomic linkages or valence
bonds while other bands may be corrclated with a particular configuration
of a group of atoms within the molccule or with the structurc of the mole-
cule as a whole. When such relationships are known the spectrum of an un-~
knovm sample can be interpreted and information concerning the composition
of the sample can be derived. Similarly, spectral changes which develop
during treatment of a sample can oftcn be interpreted in terms of a change
in structure or composition, and these changes may be correlated with other
changes in the properties of the sample. The applicability of absorption
spectroscopy to a particular problem is usually dependent both upon the
spectral characteristics of the materials involved in the investigation and
upon the complcteness with which the spcetral absorptions can be interpreted.

-
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10. Since spectroscopic data for the siloxeanes which comprise the
silicone fluids had not been obtained previously, it was necessary first

to procure and examine a number of pure compounds of known molecular struc-
ture in order to establish basic relationships between molecular structure
and spectral absorptions for this new class of compounds. The information
derived from the examination of these pure rcference compounds was then
applied to the interpretation of spectral data obtained for the various
silicone fluids.

EXPERTMENTAL

A. Description of Samples

] A1l samples studied were obtained from industrial laboratories.
Summaery description of the purified dimethyl silicone samples which were
used as standard reference compounds in obtaining basic spectral data is
given in Table I. These samples were supplied in 5 ml. quantities, and

it was requested that data relative to the samples be held confidential.

12. The reference compounds available constituted two homologous
series, onc composed of open-chain dimethyl siloxanes and the other of
cyeliec or closed-chain dimethyl siloxanes. In addition, two branched-
chain structures were available.

13. The commercial products investigated, with one exception, were
obtained from the Dow Corning Corporation and are described in Table II.
They are typical of commercizal fluids available and were supplied in small
quantitics by the Lubrication Section of this Laboratory.

B. Infrared Fquipment & Measurements

1k. A large remearch-type infrared spectrometer was used for this
investigation. This instrument utilizes the double dispersion of a 15-em
rocksalt prism in Wadsworth-Littrow mounting and has high resolving powar
over the range 2 - 15 microns covered in this work. Liquid samples were
measured as thin films between rocksalt plates. A set of cells of dif-
ferent thickness was used in order to obtain transmission values between
20 and 80% at all wavelengths. The same set of cells has been used through-
out the investigation so that in most cases it is possible to compare the
relativc intensities of the absorptions of different samples without con=-
sidering cell thickness. 1In regions of strong absorption the samples were
studied in carbon disulfide solution. Concentrations are given in weight-
percent and film thickness in millimeters. One sample (hexamethylcyclo-
trisiloxane) is a solid at room temperature and was studied in C Sp solu-
tion over the range 7 - 15 mu and in C Cl), solution in the 2 -~ 7 mu range.
The instrument recordings were converted into percent transmission curves
plotted on a linear wavelength scale. Correction has been made for the
absorption cell and "background" radiation effects. The spectra are given
in Plates IT %o XXVII.

o Pl
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15, In general the wavelength measurements are accurate to + 0.0l mu
and the transmission values are thought to be accurate to + 1 to 2 percent
over the range 20 to 80 percent, For the C So solutions the reproducibility
is not as good because of the errors in concentration resulting from the
volatility of the solwvent.

C. Ultraviolet Equipment & Measurcments

16. A National Technical Leboratories Model DU Quartz Spectrophoto-
meter was used to measure the ultraviolet spectra of some of the samples
over the range 4COO to 2200 A. A low-pressure hydrogen discharge lamp
scrved as the source of continuous radiation, and the samples were studied
in purified iso-octane solution in 1 cm matched quartz cells. For each
curve the concentration is given by the volume ratio of sample to solution.
The spectra are presented in Plate I where extinction is plotted vs. wave-
length in millimicrons. Extinction is defined by E = Logyg (1/T) where

T = pecrcent transmission.

DISCUSSION OF RESULTS

A. Open-Chain Dimethyl Siloxanes

(T The characteristic absorptions of the homologous series of open-
chain dimcthyl siloxanes are given in Teble III. The siloxanes exhibit
several very intensec absorptions beyond 7.5 mu where an equivalent film
thickness of only .00l mm or less is required to bring the intensity of

the absorption in a measurable rangc. Such intense bands are general
characteristics of polar molecules in contrast to non-polar compounds, such
as hydrocarbons, where a film thickness 10 to 100 times greater is reguired.
The siloxanes, then, in general lend themsclves favorably toward detection
and measurement by infrared and unfavorably toward the detection of admixed
compounds.,

18. As in most cases of a homologous series, these compounds all have
the same gencral spectral characteristics. There are at least nine bands
which are constant in both wavelength and intensity and may therefore be
used in identifying a compound or mixture of compounds regardless of molecu-
lar weight. The other bands exhibit change in position and/or intensity
with change in molecular weight and thesec bands may be used to identify a
particular member of the series. This will be discussed more fully after
considering the origins of some of the absorption bands.

19. In procecding through a scries of siloxanes having the structure
CH3 'CH3 | CHj3
1 8 ! 1
CH3 -~ 81 - 0 -!81 - 0} - 5i ~ CHy
o 21k I faaln, B Bl aade
CHy :CHy | CH3 '
; n = number of chain
units

certain spectral changes may be correclated with molecular structure and
useful information may be deduced without resorting to mathematical vibra-

+3 AnaTl AamaTsrmam wdad Al Parm wrTlmminnTlne A# A me e c a2y L}  EL A
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extremely difficult and only approximate at best. Some of the absorption
bands correlated with molecular structures are summarized in Table V.

20. The strong band at 8 mu is associated with the carbon-silicon
bond and is probably a valence vibration. For the first member of the
series which contains only trimethyl-substituted silicon atoms (end groups)
this band center is at 8.00 mu. With an increase in molecular weight this
band decreases rapidly in intensity and a new band appears around 7.9L mu.
The 7.94 mu band apparently has its origin in the dimethyl-substituted
silicon atoms of the chain units.

els Absorption in the 9 - 10 mu region is characteristic of ether-
oxygen linkages and here is due to the Si - O - Si structure. With the
appearance of chain units this band splits and the separation increases
with increasing molecular weight.

22. The bands at 11.35 and 13.25 mu decrease with increasing m.w. and
are correlated with the (CH3)3 51 - 0 end group structure.

234 The band at 12.5 mu (absent for the first member and split for
the second member) increases in intensity with increasing m.w. and is assoc-
iated with the - Si(CH3}2O - structure of chain units.

2l;. These changes in absorption which are correlated with increasing
molecular weight are measurable functions of the relative abundancies of
chain units and end groups of the polymer sample. While neighboring lower
members of the series have marked differences in absorption, these differ-
ences become smaller as one proceeds to higher members. Hence, while it is
possible to identify any one of the homologs studied here by its infrared
absorption, the analysis of mixtures is largely confined to the first two

or three members where the spectral differences are unique and relatively
large. For higher members only the average composition can be determined,
it being impossible to distinguish accurately between adjacent members or to
distinguish between a given member and a mixture of members adjacent to it.
The ratio of the intensity of the 12.5 mu band to that of the 11.8 mu band
is probably the most sensitive function of molecular weight and could be
used to determine the average m.w., of a sample of open-chain dimethyl silox-
anes such as would be obtained in a distillation cut. This method of molec-
ular weight determination appears to have no advantage over other simpler
methods such as viscosity determination, provided the polymer type of the
sample is knowm.

B. Cyclic Dimethyl Siloxanes

25. The characteristic absorptions of the first five members of the
homologous series of cyclic dimethyl siloxanes are summarized in Table IV.
This series also has at least nine or ten short-wavelength bands which are
constant in position and intensity. MNMost of these bands are common to both
the open-chain and cyclic series and are characteristic of dimethyl silox-
anes in general. One band at L.71 mu, a weak one, occurs only in the cyclic
series and another wcak band at 4.78 mu occurs only in the open-chain series.
These are the only two bands in the region below 7.5 mu which enable a posi-
tive differentiation between the two types of structure, and because of their
low intensity are not very useful. Other differences in the region of 6 mu

LT LA R o
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arc¢ not useful because of their dependence upon molecular weight.

26. In the longer wavelength region, where the absorptions are gen-
erally characterized by the structure of the whole molecule or of groupings
within the molecule, the spectrum of cyclic members of higher molecular
weight would be expected to be essentially identical to that of the higher
members of the open-chain series where the absorption of the end groups
becomes negligible. In the cyclic series the Si - C (methyl) vibration
appears at 7.94 mu and agrees with that of the corresponding structure in
the open-chain series. This band is constant in position and intensity in
accordance with the equivalence and constant population of this linkage in
the various members of the series.

27« The 5i-0-Si vibration is displaced to 9.7l mu for the first member,
a six-atom ring, and apparently results from a distortion of the valence
angles. This vibration occurs at 9.30 mu in the succeeding members of the
series and splits into a doublet for the 1l atom ring. For still higher
members this absorption would undoubtedly become identical with that of the
high molecular weight open-chain structures.

28. Similarly, the absorption at 12.45 mu resulting from vibrations

of the chain unit structure occurs at the same position for the higher
members of both the open- and closed-chain series. For lower members this
band is displaced toward longer wavelengths in the open-chain series and
toward shorter waevelengths in the cyclic series. In polymers of more than
six Si atoms this ebsorption occurs at 12.45 mu and indicates that the chain
units of both series are eguivalent.

29. The only really significant difference between the spectra of the
open-chain and cyclic series is the abscence of the bands at 11.88 mu and
13.25 mu which originate in the vibrations of the end groups of the open~
chain scries. For the higher polymers such as are found in all but the
lowest viscosity commercial fluids the spectra of the open and closed-chain
species become identical except for these end-group sbsorptions which them-
selves tend to bccome weak due to the low concentration of such groups.

{078 The detection of end groups by infrared absorption, then, may be
used to differentiate between open-chain and cyclic polymers of the dimethyl
siloxancs. Difficulty is encountered in its application, however, since the
concentration of end groups is dependent upon molecular weight. If the mol-
ecular wcight distribution in a sample is known, say by viscosity or solu-
bility measurcments, and the material is known to consist of dimethyl silox-
ancs by its infrared spectrum, then the bands at 11.88 mu and 13.25 mu may
be used to differentiate between open and cyclic polymers.

C. Branched Dimethyl Siloxanes

Sl The study of the spectral changes which occur when branching is
present in a dimethyl siloxane wos somewhat limited since it was impossible
to obtain a homologous series of branched polymers. However, the data on
the two compounds available permit somec conclusions.

TEDEDR it
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32, The presence of branching would be cxpected to introduce addi-
tional absorption bands into the spectrum due to the structure

CH3

1
B=tiab

1

0

of branching centers and to change the intensity of other bands due to a
higher proportion of end groups for a given molecular weight. For a large
molecule containing this structural unit the most important new absorption
is probably that due to the Si - CH,y linkage where the Si atom is attached
to three O atoms. The spectral datd seem to confirm this conclusion. The
position of this absorption is indicated by a comparison of the 8 mu bands
for the following four compounds.

Me Me
1 i
13 Me = S1 - 0 - Si - Me 8.00 mu
1 3.
Me Me
Me Me e Me
3 1 1 i}
TT Me —S1i ~0 -8 w0 =81 «0-58i -l (8,00 mu
1 1 ik 1 (7.94 mu
Me Me lie e
Me Me lie
T 1 1
ITT Me - Si -0-8i~-~0=51i-1ie (8.00 mu
3 1 1 (7.94 mu
Me 0 e (7.90 mu
1
Me - Si - e
1
Me
e
1
Me - Si - le
1
Me 0 e
1 1 1
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The complete spectra of these compounds are shown in Plates II, IV, XIV

and V. It is not clear why compound IV should have zn absorption band

at 7.9L mu unless it is due to isomeric impurities of type II in the sample.
Regardless of the origin of this band which occurs in both compounds III
and IV, the band at 7.90 mu which occurs in compound III must be due to the
branching structure under consideration. Since the end groups are two atoms
removed from this C-Si linkage an increase in molecular weight would not
affect this absorption and it may, therefore, be used to identify branching
in polymeric siloxanes of this type.

23, It may be mentioned in considering these branched siloxanes that
their spectra in generel are very similar to the isomeric open-chain and
cyclic compounds. liost bands in the short wavelength range are the same
although some differences are observed around 5 to 6 mu. The ather-like
oxygen absorptions around 9.5 mu are slightly displaced, the end group
absorptions around 11.8L mu and 13,25 mu are slightly displaced and pro-
portionately stronger, and the chain unit vibration at 12.5 mu is displaced
for compound III and entirely absent for compound IV. Except for the last
casc thesec differences would not be observed for compounds of high molecu-
lar weight. The sharp band at 1L.3Lk mu found for compound IV may be due

to the central 5i atom attached to four O atoms.

3h. In summarizing the above considerationss it is concluded that,
for samples in the liquid state, branching is to be detected by the appear-
ance of a band at 7.5U mu. Since this band is not completely isolated from
neighboring bands and will tend to be masked when it is low in intensity,
it would be impossible to measure the percentage of Si atoms participating
in branching structures if the fraction of such branching centers is less
than a few percent of the total Si atoms in the sample. Since only a small
fraction of one percent of branching centers in a commercial polymer is
known to produce large effects on the physical properties of the polymer,
this method of detection will in general be too insensitive to be useful.

D. Composition of Cormercial Fluids

35. Industrial organizations have not been inclined to state the
composition and structure of their commercial products and this has some-
what hampered certain phases of the silicone research at this Leboratory,
Considerable confusion also was introduced by changes in the company desig-
nations of their products. In addition, the uncertainty of identity in
repent batches during the early stages of commercial production development
and the question of identity of product from different sources warranted
consideration. For these reasons several commercial samples representative
of those available and of interest in other investigations at this Labora-
tory were examined from the standpoint of composition and structure determina-
tion., The conclusions developed from the spectra are prescnted in the fol-
lowing paragraphs.

TR R =
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(a) Dow Corning 500 Series Fluids

36. One member of this series having a viscosity of 100 centistokes
at 25°C, a sample obtained in volume for oxtensive tests at this Labora-
tory, was ocxamined and the spectrum is presented in Plate XXV. All of

the characteristic bands of the open-chain dimethyl siloxanes are present
in this spectrun and no additional bands are found. The fluid definitely
consists of open-chain dimethyl siloxanes. No branching is indicated by
the cbsence of a band at 7.90 mu. The low intensity of the trimethyl end
group bands at 11.9 and 13.25 mu indicates that the polymer chains contain
considerably more than 7 silicon atoms in agreement with the higher molecu-
lar weight indicated by the viscosity. A rclatively large molecular weight
is also indicated by the separation of the bands at 9.5 mu and by the loss
of identity of the 8.00 mu bend. No attempt was made to derive quantitative
date on the molecular weight. The azbsence of the band at L.71 mu indicates
that no cyclic structures arc present, but, as it has already been pointed
out, the sensitivity of the detection of cyeclic structures is not great

duc to the low intensity of this band.

3ifs This fluid has no spectrum in the ultraviolet region from LOOO A°
to 2300 A°in accordance with the conclusion that the fluid is composed
entirely of saturated dimethyl siloxanes.

(b) Dow Corning 700 Serics Fluids

38. This series is composcd of mixed methyl-phenyl siloxanes. The
ratio of phenyl to methyl substitution is not constant but varies irregu-
larly with increasing viscosity of the different members. The exact struc-
ture of the polymers has not been deduvced from the spectral data due to the
lack of reference data.

39. ‘Throughout the spectra of the serics (sec Plates XVI to XXIV)

the bands which are characteristic of the dimethyl siloxanes (see par. 17
and 25) are always present. This includes the 7.9L mu band of the silicon-
methyl vibration and shows that, in part, the structures involved in all
members of this series are identical in type with the dimethyl (500) series.

LO. In addition to these bands, most of which fall in the short wave-
length region below § mu, there are 21 distinct absorption maxima which are
charactoristic of the 700 series fluids and which have not been observed in
any dinctbhyl siloxane. The strongest of these new bands are present in all
members of the scrics examined but their intensities vary for the different
nerbers. Some of the weaker bands arec not detected in two of the semples.

W1, The band at 3.29 mu is invariably found for aromatic hydrocarbons
and is due to the aromatic C-~H vibration. This indicates the presence of
phenyl groups in this series of fluids. In addition, the band at 6.28 mu
is characteristic of phenyl groups and the four bands in the rcgion of 5.1
1o 5.7 mu as well as the band at 13.7 mu are characteristic bands of mono-
substituted benzenes. It is fadrly conclusive from this evidence that the
700 series siloxanes have phenyl substivution.

P e gt T § A S -
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h2. This conclusion is confirmed by the ultraviolet spectra of this
series presented in Plate I. Absorption in this region of the spectrum
must originate in the presence of unsaturated chemical structures and the
characteristics of the absorption spectra are typical of phenyl structures.

3. The intensity of phenyl bands in the infrared may be used to cal-
culate the relative phenyl contents of the samples. These calculations
could be made on an absolute concentration basis if the proper pure ref-
erence compounds were available and values accurate to at least +2% or
better could probably be obtained with careful spectral measurements.

Since this investigation was confined to a general survey of the method

and possible applications, no attempt has been made toward quantitative
analyses. Values teken directly from the curves, however, can be used to
obtain rough, rclative values of the phenyl content. The choice of bands
for this is important since the intensity of some of the phenyl bands varies
with the type of phenyl substitution. For these samples the choice of dif-
ferent phenyl bands leads to different values of relative phenyl content
and indicates, in fact, that the phenyl groups are substituted differently
in the different samples. The best values are probably obtained by measur-
ing the ratio of the absorption at 3.29 mu (phenyl) to that at 3.37 m
(methyl) since no other bands fall in this region and since these absorp-
tions are probebly almost independent of the type of phenyl and methyl sub-
stitutions involved in this series of siloxanes. Using this ratio as a
measure of the relative phenyl-to-methyl substitution of the various mem-
bers of the 700 series, fair correclation with the refractive index is ob-
tained and the infrared mcasurements indicate that for this series phenyl
content can be estimated from refractive index measurements. (See column
six, Table II).

L. The spectra of the 700 series silicones beyond 8 mu indicate that
the structures involved in the various meombers are not identical. It is
believed that if reference data were available the spectra could be inter-
preted and the essential differencecs in structure could be deduced from the
data presented. A careful study of these spectra, however, has not revealed
any correlations which enable the differentiation between phenyl substitu-
tion on chain units and phenyl substitution on end groups. It is quite prob-
able when phenyl substitution is involved that for both chain units and end
groups the silicon atom concerncd is not completely phenyl-substituted but
has both phenyl and methyl groups attached to it. Such random substitution
of phenyl groups would result in the presence of several structures, i.e.,
three typcs of chain units and four types of end groups, for linear polymers
and would mekc interpretation difficult. If, on the other hand, phenyl
substibtution ocecurred only as triphenyl end groups and diphenyl chain units,
interpretation probably could have been effected by correlations in this
series of samples. Until such interpretations are made, however, the infra-
red spectra serve only to establish the identity or non-identity of the
structures of the various samples, but for this purpose it has considerable
effectiveness.
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L5, The information deduced from the spectral data is presented in
summery form for cach sample of the D.C. 700 series fluids listed in Table
IT. The first four samples cover the viscosity range of the commercial
samples studied. The other samples will be compared to one of the first
four having similar viscosity.

(1) Ll6 - IITI - 292 (3.5 centistokes)

This semple contains the following structures:
( C-H Bonds (Aromatic)
( C-H Bonds (Paraffinic, methyl)
# ( 8i-0-3i  Structure
( Si-CHy - Structure
( CgHg= X  Structurc, where X is probably silicon.

(s These structures are present in all samples of this
series. )

The ratio of the phenyl to methyl absorption is .60, the
highest of the first four samples.

No dimethyl chain units detected.

No trimethyl end groups detected.

No cyclic dimethyl siloxone structure detected.

The structure(s) of the polymer units produces absorption
in the 11 to 1k mu range which is different from all other
samples. This may be duc to the combination of low mol-
ecular weight and considerable phenyl substitution. Ap-
parently all silicon atoms of this sample are attached to
at least one phenyl group.

(2) l16-Iv-78 (25 c.s.)

The ratio of phenyl to methyl absorption is .37, lowest
for the first four samples.

Dimethyl chain units in high concentration.
Trimethyl end groups not positively detected.

Cyclic dimethyl siloxane structure is positively indicated
by a band at L.71 mu.

This sample is probably composed of cyclic siléxanes with
mixed methyl and phenyl substitution.

DECLASSIFIED
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(3)

(L)

(5)

L16-TV-71 (50 c.s.)

The ratio of phenyl to methyl absorption is .53, not
quite as great as for sample (1).

Dimethyl chain units arc indicated.
No trimethyl end groups are detected.
No definite indication of cyclic structures.

A1l of the structures existing in sample (1) are present
in this sample, bubt to a lesser cxtent.

The sample is probably composcd largely of open-chain
pclymer with phenyl substitution occurring both on chain
units and on end groups, but some chain units have only
methyl substitution.

L16-1V-75-76 (102 c.s.)

The ratio of the phenyl to methyl absorption is .49, inter-
nediate between the two preceding samples.

Dimethyl chain units are dectected.

Trinethyl end groups a2lso detected.

No positive indication of cyclic structure is detected.

The 12,65 mu band found in sample (1) is also detected

in this sample and indicates that one of the structures
involved in sample (1) is also present here. It may be

a diphenyl chain unit.

The chief components of this sample are probably open-chain
dimethyl siloxanes with phenyl substitution largely confined
to the chain units.

LOGA-IV-28 (25 c.84)

The ratio of phenyl to methyl absorption is .12, thc lowest
of all samples of this series and considerably lower than
most of the samples.

Dimethyl chain units are present in high concentration.

No trimethyl end groups are detected.

Cyelic dimethyl siloxane structure is positively indicated
by absorption at L.71 mu,

iy i e
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(6)

(7)

This sample is composed almost entirely of cyclic dimethyl
siloxanes with only a small amount of phenyl substitution.
It is essentially the same as sample (2) (having the same

viscosity) except that much less phenyl substitution is
present.

700-26 (50 c.s.) Now designated D.C. 510

The ratio of phenyl to methyl absorption is 0.1k, nearly

as low as sample (5) and considerably lower than the other
samples.

Dimethyl chain units are detected in high concentration.
Trimethyl end groups are also detected.
No positive indication of cyclic structure is detected.

This sample is composed essentially of open-chain dimethyl
siloxanes but has a small amount of phenyl substitution.
The similarity of the composition of this sample with that
of the 500 series fluids probably accounts for the new 510
designation. This sample differs from sample (3) (same
viscosity) in that it has much lower phenyl content.

LO5A-TV-30 (100 c.s.) Now designated D.C. 550

The ratio of phenyl to methyl absorption is .51, indicating
the presence of considerable phenyl content.

Dimethyl chain units are indicated, although not too
definitely.

Trimethyl end groups are definitely indicated.

The 12,65 mu band found in sample (1) is also detected in
this sample and indicates that one of the structures in-
volved in the first sample is also present here. It may
be that of a diphenyl chain unit.

. The chief components of this sample are probably open-chain

dimethyl siloxanes with phenyl substitution largely confined
to the chain units.,

This sample is quite similar to sample (L) (same viscosity)
except that it has slightly higher phenyl content. As for
the previous sample, the new 550 designation probably arises
from its similarity to the 500 series. Low phenyl content
was found for the 510 designation and much higher phenyl
content is found for the 550 designation.

R LA
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(8) LOBA-IITI-33 (27 c.s.) Designated D.C. 702

The ratio of phenyl to methyl absorption is .63, higher
than for all preceding samples.

Dimethyl chain units are not definitely indicates; the
characteristic 12,45 mu band is slightly displaced and
the significance of the displacement is not clear.

Trimethyl end units are definitely indicated.
No definite indication of cyclic structure is detacted.
The 702 designation of this sample may have its origin in

a phenyl content higher than has been found for any of the
700 series compounds.

(9) LOBA-ITI-LL (60 c.s.) Designated D.C. 703

The ratio of the phenyl to methyl absorption is .68, the
highest of a2ll samples examined.

Dimethyl chain units are not detected.
Trimethyl end groups are detected.
No cyclic structure is detected.

This sample is similar to the preceding sample, designated
D.C. 702, except that it has higher phenyl content. The
spectra of both of these samples differ from the 700 series
in the 9.5 mu region (Si-0-Si vibration) and the structure
of these two samples has not been determined. In addition
to high phenyl content, branching may also occur in these
samples. This has not been definitely established.

(c) G.E. A-2L9 Fluid

L6. This was the only General Electric Company commercial fluid
examined. It was a special fluid developed for improved lubricating per-
formance and supplied in 25 ml. volume, The sample composition corresponds
to the Dow Corning 700 Series fluids, and it is noted that both commercial
organisations selected mixed methyl and phenyl substituted siloxanes for
improved lubricating properties.

L7. A11 of the characteristic absorption bands of methyl substituted
siloxanes and phenyl substituted siloxanes are present in the spectrum of
this sample (Plate XXVII) as in the D.C. 700 series samples. The ratio of
phenyl to mcthyl absorption is .20, a value intermediate between the D.C. 510
and 550 scries. Dimethyl chain units are detected and trimethyl end groups
are detccted. A weak absorption at about L.70 mu may indicate some cycliza-
tion. The sample is esscntially composed of open-chain dimethyl siloxanes

(€ i s o i
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but has some phenyl composition. The phenyl structure involved diffecrs
somewhat from that of the D.C. samples and produces an absorption at 13.95 mu.
The phenyl absorption in the ultraviolet also differs from that of the D.C.
series =nd the exact structure(s) involved has not been ascertained. It is
interesting to note that the phenyl structure of this sample is present to
somc cxtent in only one D.C. sample, LOSA-IV-28. This is evident from the
u.v. spectra in Plate I. The essential difference between these two fluids,
however, is that the D.C. fluid is composcd essentially of cyclic dimethyl
siloxanes, while the G.E. sample is composed essentially of open-chain di-
methyl siloXanes.

(d) D.C. LOO Series

L8. Although the infrared spectrum (Plate XXVI) of this fluid has

the general characteristics of siloxanes, the main bands which characterize
the dimethyl scries are absent. No methyl substitution is present and no
phenyl substitution is detected. Alkyl groups are present, however, and
these are composed of both methyl and methylene groups. The absorption of
the silicon-carbon band is displaced toward longer wavelcngth in this sample
(8.077 mu) and it is almost certain that this is the result of ethyl sub-
stitution. The D.C. LOO series is undoubtedly composed of alkyl siloxanes
and the alkyl group is very probably thc ethyl group., It is not known whether
this polymer is of the open-chain or cyclic type, or whether branched struc-
tures arec present.

E. Polymerization of Open Chain Dimcthyl Siloxanes

L9. Additional tests were made on a sample of D.C. 500 Series fluid
in an attempt to obtain information concerning the anomalous behavior of the
fluid in certain systems. (See par. 3). This sample, designated 369-62-67
in Table IT, has been shown to be composed of open-chein dimethyl siloxanes
without branching. (Par. 36). It was tested extensively by the NRL Lubri-
cation Section and several tested samples were furnished for spectroscopic
examination.

£0. An explanation of gelling which occurred in several of these

tests was sought. In particular, it was desired to determine whether poly-
merization was the result of a simple increase in length of the polymer
chains or whether branching and cross-linking also occurred. In addition,
any other chenges in molecular structurc which occurred in the polymerization
or simultancously with it might also be detected.

Bl In 211 of the samples examined, wherc polymerization was indicated
by an increasc of viscosity or gelling, an increase in length of the polymer
chains was shown by an increase in the concentration of chain units and a
decrease in the concentration of end groups. This change was readily detected
by the mothod described in par. 2.
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g2, The formation of branched or cross-linked structures is not easily
detected spectroscopically. (See par. 3li). It is measured by the ap-
pearance of a band at 7.90 mu originating in the Si - CH; structure at
branching centers. Considerable interference is encountered due to another
strong band at 7.9L mu originating in the Si - CH3 structure of the dimethyl
chain units. These bands can be only partially resolved even with good
equipment and a few percent of branching centers are probably required for
definite detection.

53. The tested samples, some of which were treated drastically in order
to enhance the concentration of branching centers which might be formed,
were examined accurately in the 8.0 mu region. The samples included
thickened fluid and small quantities of gel formed by treatment in a journal
bearing, viscous oils and gelatinous material formed by bubbling dry air or
nitrogen thru samples held at 200-225°C both with and without metallic
catalysts, totally gelatinous material formed by heating in a pyrex beaker
over a burner or hot plate, and hard lacquer-like films formed by exposure
in air to ultraviolet radiation. The results from these samples follow a
definite pattern. Two spectroscopic effects were found and are discussed
in the following paragraphs.

g, First, a gradual shift of position of the 8 mu absorption band oc-
curred upon polymerization and is associated with the transition from the
liquid to the solid state: For example, the position of this band for the
untreated fluid is 7.933 mu; treated samples which are liquid and gelatinous
samples soluble in CSy, absorb from 7.933 to 7.929 mu; gelatinous material
insoluble in CS; but soluble in benzene absorbs at 7.929 mu; gelatinous
material insoluble in both CSy and benzene absorbs from 7.929 to 7.921 mu;
and hard lacquer~like films absorb from 7.907 to 7.861 mu. This shift in
position appears to be independent of the method of polymerization. The
progressive shift has been shown in a single sample which was examined per-
iodically during exposure to ultraviolet radiation. At one point in the
course of the treatment the position of the 8 mu band corresponds precisely
to that which has been associated with branching in the liquid state, but

in this case the sample has solidified and the correspondence of absorption
position is entirely accidental and of no significance. The method for
determining branching by absorption at 7.90 mu applies only to liquid samples
and cannot be used in this case because of the change of state of the sample
and its rclated shift of absorption position.

55. _The second effect is a change in the shape of the 8§ mu band upon
polymerization. For the untreated fluid this band is practically symmetrical
except for a slight distortion on the long wavelength side which results
from an absorption of the end groups at slightly longer wavelength. This
distortion is barely observable due to the low concentration of end groups
in this particular fluid and to the weakness of the end group absorption at
this position. For samples in the liquid state the appearance of a similar
distortion on the short wavelength side (7.90 mu) would indicate the pres-
ence of branching centers. In all the liquid samples examined no such
change in shape of the 8 mu band wes observed and for these samples it is
concluded that if branched strusturcs were formed during the polymerization,
the concentration of such structures was too low to be detected by these
observations.
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56. Considering, for the moment, the concentration of branching
centers which might be required for dectection by this method, it is

pointed out that the intensity of the absorption of the branching centers
in this spcetral region is of the same order of magnitude as the intensity
of the absorption of end groups. Since the effect of end groups was just
barely observaeble in the untreated fluid, it is concluded that if branching
is to be detected the concentration of branching centers formed during
polymerization must be approximately as great as the concentration of end
groups in the unpolymerized fluid. This is probably of thc order of one

or two percent in this fluid, and when branching centers are formed to this
extent during polymerization it is almost certain that the physical state
of the sample will change from a liquid to a gel or solid state. In view
of these considerations it is not surprising that branching was not detected
in polymerized samples which remained in the liquid phase.

57. Samples of gel which were examined showed a shift in position
associoted with a change of state, 2s described in par. 5L, but showed no
change in the shape of the band. Only in the case of the hard lacquer-like
films formed by ultraviolet irradiation was any chenge in shape of the 8 mu
band observed. Upon continued irradiation this band shifts from 7.933 mu
toward shorter wavelength until it finally reaches 7.900 mu. At this point
the band becomes distorted on the short wavclength side by a weak absorp-
tion of 7.861 mu. At this point the film was very hard by scratch test.
(Becausc of the extremely thin films required for spectroscopic study no
measurcment of hardness was considered significant). Upon still further
irradistion of the sample the intensity of this weak absorption at 7.861 mu
incrcases and eventually becomes the moximum of the band while the intensity
of the band at 7.900 rm becomcs less and tends to disappear.

58. The character of this change in shape of the 8 mu band is that
which would be cxpected upon formation of branching or cross-linking. If
this explanation is correct, the formation of branching does occur during
polymerization of open-chain dimethyl siloxanes, and when the polymerization
is carried to an extremc the branched structurc becomes predominant. The
evidence supporting this explanation cannot be considered conclusive, how-
ever, since there oxists a possibility that the observed change in shape

of the 8§ mu silicone band is not due to the formation of branching conters
but to the change in stete of the sample or possibly to some other cause.

594 This uncertainty cncountered in spectroscopic detection of
branching is dus to the change of state which accompanies polymerization
and cannot be avoided when working with a samplc of initially high vis-
cosity (100 centistokes) such as was uscd here. Efforts were accordingly
directed toward the polymerization and study of low molecular weight
siloxanes where an appreciable concentration of branching centers might
possibly be built up before a change of state occurs. Because of effects
of volatility on the extremely thin films required for study, siloxancs of
less than six silicon atoms could not be studied. A pure sample of hexa-
decamcthylheptasiloxane (7 Si atom chain) was polymerized by ultraviolet
radiation and examined periodically. No change in shape of the 8 mu band
was observed vntil after the position of the band had shifted and it is
concluded that even for this low molecular weight polymer sufficient braach-
ing for spectroscopic detection does not occur before n change of state is
cvoked.
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60. In addition to the measurements in the region of 8 mu described
in the preceding = paragraphs, most of the treated samples were studied

over the complete spectral region from 2 to 15 mu. In the region from 11,85
to 13.25 mu it was observed that an increase of viscosity and geclling were
accompanied by small intensity changes resulting from a decrease in the
concentration of cend groups and an increase in the number of chain units.
This indicates that the polymerization is the result of an increase in
longth of the polymer units but does not outlaw the possibility that the
increase in molecular weight is partly duc to branching. Some cyclization
nay also occur but no evidence ¢f cyclic structure was detected.

6. No other spectral changes were detected in any of the samples
of the treated fluid. If any chemical reactions such as oxidation or
rcaction with the metallic catalyst occur during thickening or gelling by
any of the methods used, the reaction products were present in such low
concentrations they were not detected,

62. Interesting results were obtained from examination of the
volatile condensates obtained when this fluid was acrated at 200 to 225°C
with dry air and nitrogen. The condensate in each case was a mixture of
crystalline solid and liquid material which was identified as a mixture

of cyclic siloxanes containing threce and four silicon atoms. The spectra
of the condensates showed all the bends of the cyclic trimer and tetramer
(see Plates IX and X) and no additional bands. This indicates that at
200°C with goseous agitation cracking is not limited to the removal of
methyl groups from the polymer chains but segments of the chain also are
broken off and form cyclic structurcs. The cyclic trimer and tetramer are
both volatile at the temperature used and constitute the volatile condensate
obtained. Although none of the other lower molecular-weight cyclic struc-
tures was detected in the treated fluid, it would seem logical that they
might be formed by the same mechanism ancd might be present in low concen-
tration.
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CONCLUSIONS

A. Spectra of Dimethyl Siloxanes

63. Open-chain dimethyl siloxanes are characterized by numerous
absorption bands from 2 to 15 mu in the infrered, Several of thesc bands
arc indepcndent of molecular weight and may be used to identify a polymer
of this type; other bands vary with size of the polymer chains and may be
used to identify individual compounds, particularly those of low molecular
weight.

6li. The spectra of cyclic dimethyl siloxanes have fewer bands than
the open-chain isomers and the missing bands are those due to the end groups
of polymer chains, Except for this difference the spectra are nearly iden-
tical, especially for polymers of more than ten units in length. Teak
bands at L.71 and L.78 mu are of some use in distinguishing between cyclic
and open-chain polymers.

65. For samples in the liquid state, branched structures may be
detected by a band at 7.90 mu. A strong band at 7.9L mu interferes, how-
ever, and renders this means of detection insensitive. The methods of
infrared are not well adapted to the determination of branching.

B. Commercial Fluids

66. Tt has been shown that the mcthods of infrared are useful in
detcrmining the type of polymer structure of commercial fluids, especially
when rcforcence compounds of known structurc arc available for examination.

67 . The methods of ultraviolet arc useful for the detection of
certain types of impurities in alkyl-substituted siloxanes such as the Dow
Corning 40O and 500 series silicones and for the detection of phenyl=-sub-
stituted siloxanes such as the Dow Corning 70C series silicones.

68. The Dow Corning 500 series commcrcial fluid has been shown

to consist of open-chain dimethyl siloxones.

69. The Dow Corning 700 scries commercial fluids have been shown
to consist of siloxanes with mixed methyl and phenyl substitution. The
ratio of phenyl to methyl substitution is not constant for the series and.
does not vary uniformly with viscosity. Some samples are predominantly
cyclic while others are predominantly of the open-chain type.

70. The Dow Corning fluids now designated 510 and 550 are similer
to the DeCo 500 series fluids but have some phenyl substitution. The 510
fluid has low phenyl content while the 550 fluid has correspondingly higher
phenyl content.

TLa The Dow Corning 702 and 703 series fluids have greater phenyl

content than the 700 series fluids. The structure of these polymers may
also differ from that of the 700 series fluids.
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72, The G.E. A-21,9 commercial fluid is similar to the Dow Corning
700 series fluids but the structure of the polymer is different in some way.
It consists of mixed methyl and phenyl-substituted siloxanes.

73. The Dow Corning LOO seriecs fluid is composed of alkyl-substi-
tuted siloxenes and the alkyl group is probably ethyl.

C. Polymerization

7h. In all cases of polyrerization by thermal treatment or ultra-
violet irradiation of open-chain dimethyl siloxanes examined, an increcse

in length of the polymer chains was detected spectroscopically. In each

case no indication of branching was detected previous to gelling and
solidification of the sample. Upon solidification and hardening of the
sample by ultraviolet irradiation two spectral effects were observed in the
region of 8 mu: One effect, a shift in the position of the absorption, is
due to the chenge from the liquid to solid phasej; the other effect, a change
in the shape of the absorption band, may be due to the formation of branching.

To. The absorption spectra of silicone fluids have revealed no
evidence useful for interpretation of the peculiar lubricating properties
of these fluics. Except for polymerization, no evidence of chemical reac-
tion or other changes in molecular structure was found for any of the
samples studied.
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RECCOMIMENDATIONS

76. The method of infrared absorption is not well adapted to the
determination of molecular weight or to the determination of the extent
of branching of silicone fluids and is not recommended for these PUrposcS.

Tta The infrared spectrum is useful in distinguishing between
silicone polymers with different substitution on the polymer chains and is
recormended for identification of methyl-, ethyl-, and phenyl-substitubed
siloxanes.

78. It is recommended that the methods of absorption spectroscopy
be included in the examination of commercial silicone fluids and in 21l
investigations in which the structure of the silicone fluid may affect the
results.
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TABLE T

Teference Samples of Pure Dimethyl Siloxane Compounds

Serizl Compound Structural {e) ) ég) (e) (g)
No. Type Source Purity KR Boiling Viscosity 25YC
% Point “C (Centistokes)
= (a)
56 Hexamethyldisiloxane Open-chain G.E. 98+
55 3 n D.Ce 1.3748 99 0.65
57 Octamethyltrisiloxane i G.Fs 98+
65 5 i D.Cs 1.3822 150 1.0L
58 Decamethyltetrasiloxane 5 G.Ee 98+
&7 l n D.C» (Contained toluene impurity)
154 L i¥ DeCoe 1.3872 162 1.53
59 Dodecanethylpentasiloxane " G.E. 98+ -
68 n " D.C. 1.3902 11L/20 mm 2.06
69 Tetradecamethylhexasiloxane » D.Cs 1.3922  70/1 mm 2.63
70 Hexadecamethylheptasiloxane u DeCa 1.3940 87/0.5 mm 3.2
71 tadecamethyloctasiloxane ® (h) DiCs 1.3952 103/0.5 mm 3.88
60 Hexamethylcyclotrisiloxane Cyclic GeEe 98+
157 e 0 Dele . 133 n.p.=64°C
61 Octamethyleyclotetrasiloxane " GeEo 98+ 1.3921
158 n » D.Ce i71 m.p.=17.L
62 Decamethyleyclopentasiloxane 1t G.E. S8+
159 n w D.C. 205 mepe.= —k5
63 Dodecamethyleyelohexasiloxane - G.E. 98+
160 n 1t D.Ce 236 mMepa= =3
&l Tetradecamethylcycloheptasiloxane ™ G.E. 98+
161 » i D.Cos 117,/20mm m.p.= =32
162 Hexadecamethylcyclooctasiloxane "  (c) DoCs 168/20mn m.p.=31.5
72 Decamethylisotetrasiloxane Branched Delra (Contained toluene impurity)
155 L U D.Cs 1.3851 &0/6 mm 1.57
13 Dodecamethylneopentasiloxane n (Q) DeCo (Contained toluene impurity)
156 i o, n D.Ce 1.3865 90/9 mm 2.97
(a) Structural formula (CH3)351-0—[Si{CH3)20—]n Si(CHz)3 n=0,1 2, —————

(b) Structural formla [-Si{GH3)20 [8i(CH3)20],51(CH3)2 o-] n=1, 2, 3, ———-

(c) Structural formula CHj Si[OSi(CH3)3]3

(d) Structural formula $i[0 Si(CH3)3l)

(e) Samples by courtesy of Dr. Patenode zt Ceneral Electric Laboratory and lir. A. Kauppi at
Dow Corning Corporation.

(£) Determined by G.E. at time of preparation in 1943,
(e) Data from Dr. M. J. Hunter, courtesy of Dow Corning Corporation.

() N%O measured at MRL.
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TABLE III

Characteristic Absorptions of Open-Chain Dimethyl Siloxanes

Absorption
Maxima Effect of Increasing Molecular Weight
(M ) Position Intensity
2.28 Constant Constant
2.37 1 1
SV -)-17 n n
2.68 " [}
2.75 1 t
B.A7 L Approx. constant
v 3.46 Decreases rapidly
~s 34.55(shoulder) n Decreases (7)
rv 3,75 " Constant
o J_i_.o]_ 1 n
;.78 " Decreases
.87 n Increases, initially absent
~ 5,00 Apparently shifts to 5,05 Decreases rapidly
5.16 Constant Approx. constant
5.36 Shifts rapidly toward 5.25 Decreases
5.80 Shifts toward 5.70, broadens Approx, constant
6.35 Shifts toward 6.25, develops :
broad triplet structure
6.63(weak) Disappears rapidly
6.92 Constant Decreases (?)
7.09(strong) " Increases (?)
~T7.1lli(shoulder u ?
7.66(weak) Shifts toward 7.55 Decreascs
7.94(strong ) _Approx. constant Increases, absent in dimer
8.00(strong) Constant Decreases rapidly
9.55(strong) Splits, maxima separate ALpprox, constant
toward 9.15 and 9.78
11.35(weak ) Approx. constant Initially absent, broadens
11.8L Shifts toward 11.88 Decreases
~12,13 (weak) Shifts toward 12.24 Approx. constant
n12 . 50. Initially absent, doublet Increases
in trimer, shifts toward 12.4L5
13.25 Constant Decreases
~1h,17 Approx. constant Develops in higher members
~1hL.50 Approx. constant Approx. constant

DECLASSIFIED



TABLE IV

Characteristic Absorption of Cyclic Dimethyl Siloxanes

DECLASSIFIED

Absorption
Maxima Effect of Increasing Molecular Weight
(1w ) Position Intensity
2.28 Constant Constant
2437 n it
re 2,18 n 1
2.68 u o
2.75(shoulder) Constant fn
3 .3? 1t ]
rv 3.4li(shoulder) n ?
3.55(shoulder) “ Lpprox. constant
" 3.TT b Constant
h.oo i i
heTl " Decreases slowly
L.88 " Decrcases (?)
5.0l (weak) " Decreases rapidly
5.15 u ALpprox. constant
5.18 Shifts toward 5.65 Increases
~ 5,85 Varies Varies
- B2 Changes position and shape
6.1k Shifts toward 6.56 Decreascs
6.90 Constant Approx. constant
709 Ly Lpprox. constant
7.16(shoulder) " ?
7e35 = 7.50 Varies Veries
7.99(strong) Constant Constant
s+ 9,3(strong) Displaced to 9.8} in trimer, Approx. constant
splits
11.40 Shifts to 11.65 4pprox. constant (?)
12.30 Shifts toward 12.45 4Approx. constant
1455 Shifts toward 14.15 Increases



TABLE V

Correlation of Absorption with Molecular Structure

Band Position (lfu) Moclecular Structure

303?0 * * & * & & s+ € & B & O W » C—I‘I bond (L’Eethyl gfoups)
CHj
?.9].].., - - - L] e - L] L L - L L L] lC"‘Sj— bond in l Stmcture
0-Si-0
1
CH3
8.00. ° - L - L] L] - ° [ L] - - L] .C-Si bOnd il’l O'—Si(CH3)3 Structure
9"'].0- £ *# & & 3 s & & ¢ & = B @ oSi"'O"’Si S'br\lcture
el & w5 w6 s e E e .0-51(CH3 )3 end groups
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