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Abstract The irradiation chemistry of hexamethyldisiloxane has been reinvestigated
preparatory to it’s use in energy transfer studies. Using internal standards signifi-
cantly different values in product yields from those previously reported have been
found. The methane yield, G=2.22, is three halves that previously reported. Signifi-

cant differences were also found in the dimer yields.

been the subject of scientific investigation for-

Introduction: a number of decades. Many types of radiation

have been studied but in the main experimen-

The ability of ionizing radiation to produce ters have utilized high energy electrons or gam-
chemical changes in polyatomic molecules has ma-rays.
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Considering the energies associated with ion-
izing radiation, 1.17 and 1.33 m.e.v. in the
case of the Co% gamma-ray, relative to the
ionization potential of an organic molecule, 10
-15 e.v.1*3, it would be considered surprising
if there was any degree of specificity to the
pattern of products derived from a molecule-
gamma-ray interaction. Indeed, at first glance
it would seem that a complete dissociation of
the molecule would occur followed by “random”
recombination. Such is not the case. Despite
the high energies involved, polyatomic molecu-
les exhibit a high specificity in the manner in
which they dissociate and recombine in an irra-
diation field. Often dissociation patterns are
so well defined that radiation products of high
molecular weight homologues can be predicted
from the behaviour of small molecules.4®

The acceptance of this basic premise, plus
an interest in the more recent innovation in
radiation chemistry of studying radiation indu-
ced reactions of adsorbed species served as
the objective of the present work, that is, to
determine the radiation chemistry of small sil-
oxane molecules adsorbed on silica and to com-
pare this chemistry both quantitatively and
qualitatively to the radiation chemistry of the-
same molecules in the liquid state.

In such a study, however, four factors are
of predominant interest. First, a knowledge of
the radiation chemistry pattern of siloxanes
both small and large in the pure state; second,
the changes in the radiation chemistry pattern
of the adsorbed molecules relative to their be-
haviour in the pure state; third, the nature of
the radiation-induced chemical reactions which
occur between the adsorbent and adsorbate and
fourth, the extent of energy transfer from one
species, usually the adsorbent to the other.

In the present paper the radiation chemistry
of hexamethyldisiloxane in the pure state is
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presented. In later papers the irradiation of th-
is molecule in the adsorbed state will be discu-
ssed.

Experimental

Monomer Preparation

The hexamethyldisiloxane (MM), b.p. 100°C,.
was supplied through the courtesy of the Gene-
ral Electric Company. It was identified by ele-
mental analysis, purified through repeated dis-
tillation, and shown by vapour phase chromato-
graphy to be of high purity (more than 99.9
%).

Irradiation Source

The cobalt-60 Gammacell 220 radiation sou-
rce used is located at McGill University and
operates at a dose rate of 0.37 MR/hr. The
intensity of the source was measured by means
of the Fricke Dosimeter. A G;3+=15.6 was.
used in computing the dose rate.

Preparation of Samples for Irradiation

Samples were degassed on a vacuum line
using the freeze-thaw procedure. To ensure the
removal of any dissolved gases, the samples.
were subjected to seven such cycles. The MM
was- then condensed into glass ampoules, pro-
vided with break seals to allow the collection
of the gas products, at liquid nitrogen temper-
atures. Samples were normally 2 ml (1.528g).

The dose to which a sample was subjected
was measured by first irradiating the dosimeter
solution in the irradiation cell used and then
correcting for the nature of the sample being
irradiated, using the electron density method.
In this way the geometry of the cell was taken

into account.

Collection and Analyses of the Gaseous
Products
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The gaseous products from the irradiated
samples were collected and their total volumes
measured using a Toepler pump. To prevent the
loss of liquid preducts, the samples were held
in dry ice during gas removal. A sample of
the gaseous mixture was then removed for
vapour phase chromatographic analysis. The
<hromatography was done on a 5 A molecular
sieve column, using helium as the carrier gas
and having a thermal conductivity detector.
Resolution of the hydrogen, methane, and eth-
ane peaks was achieved by operating the colu-
mn at room temperature for hydrogen and
methane and then raising the column tempera-
ture to 150°C at 24°C/min for the measurement
of the ethane. To make the measurements quan-
titative, calibration curves were made for the
three gases. As a rule the response of peak
height versus amount of gas injected was fou-
nd to be linear. These calibration curves were
then used to calculate the yields.

Analyses of the Liquid Products

Liquid products(i.e. non-volatiles at —82°C)
were measured chromatographically on a 6’ X
1/4” SE-30 chrom W, silicone column using
helium as the carrier gas. Because of the range
in boiling points, the column was temperature
programmed from 50 to 300°C.

The product assignments were based on a
comparison of retention times with the reten-
tion times of known compounds. Further confir-
mation was made, in some cases, by comparing
the chromatograms with those obtained by De-
whurst and St. Pierre® who used a dodecyl
phthalate column. While the columns are not
the same, it is assumed that the order of app-
earance of the products is. This assumption
was borne out by the positions of the known

<compounds.

100

The effect of operating the column under
isothermal conditions at various temperatures
and different rates of heating was investigated
to ascertain the optimum operating conditions.

To measure quantitatively the liquid products,
a gas chromatographic method developed by
Carmichael®™# and co-workers for determining
the amounts of linear and cyclic methylsiloxanes
in an equilibrated mixture, up to a molecular
weight of 2530, was used. The method consists
of analyzing standard mixtures containing acc-
urately known quantities of toluene, linear and
cyclic siloxanes. The weight response factors for
each linear and cyclic species in the mixture are
then calculated using the expression

wt. % of X

f X  area of toluene
area of X

f Y= Lalta O toluene
Rof X wt. % of toluene

where R is the weight response factor based
on toluene. A component in an unknown mix-
ture is then determined by adding a precise

amount of toluene as an internal standard to

a given weight of the mixture and measuring
the tolvene peak during the chromatographic
analysis. The weight percent of the constituent
is then obtained by multiplying the area per-
cent, determined from the chromatograph by the
corresponding weight response factor.

The composition of the standard mixture and
the weight response factors are shown in Fig.1.
The weight response factors for D, and other
higher cyclic species and MD; M through higher
linear species were obtained by extrapolation,
assuming the trend indicated by Carmichael
et al.»® This method of quantitatively deter-
mining the liquid products circumvents the assu-
mption of Dewhurst and St. Pierre® that the
sensitivity of the column for all products is
equal and thus it is considered to yield more
accurate results than they reported.
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Fig. 1. Weight response factor (R) versus mole-
cular weight of siloxanes.
MM : hexamethyldisiloxane
MDM : octamethyltrisiloxane
MD.M : decamethyltetrasiloxane
MD,M ; dodecamethylpentasiloxane
D,; : hexamethylcyclotrisiloxane
D, : octamethylcyclotetrasiloxane
D; : decamethyleyclopentasiloxane

Table [. G.Values from Irradiated Hexamethyl-
disiloxne (MM)

Gas Dewhurst and St. Pierre This work
11.6 X 10"ev/g. 5.9X10%ev/g.

H, 0.7 1 0.65

CH, 1.4 i 2.22

C.H, 0.4 0.35

Total 2.5 3.22

Results and Discussion

The volatile products (at -82°C) from irradi-
ated samples of hexamethyldisiloxane were fo-
und to be hydrogen, methane and ethane. The
gas yields expressed as G values were calculated
from yield versus dose curves and are compar-
ed to the data of Dewhurst and St.-Pierre® in
Table [. The gas yields were found to be’
finear with dose up to 95.6 MR.

It is evident from the data in Table [ that
the results of Dewhurst and St. Pierre and

those from the present study are in good agree-
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Table]]. G Value of Silicone Compound Gases

. G value
Componnds
H, JCH ‘CH. iTotal
MM 0.65 2.22' 0.35 3.22
0.7) (1'4)1 0.4) (2.5)*
D, 0.49, 1.91 0.35 2.75 |
D, . 0.55 1.91] 0.29/ 2.75 |
(0.89)1(2.08)[(0.29) (3. 26)**.
MD.M | 0.57 2.08 0.36 3.01 ‘
Polydime-, ! [ dose rate
thylsiloxane | 1.34 1.8} 0.54 3.7 |at0.138
by i mr/min
MIHET(43) 1.25 1.07‘ 0.76 3.1 'llr?8mr/m
*Dewhurst and St.-Pierre®
**Wolf et al.®
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Fig. 2. vapcur-phase chromatogram of the liquid
products from the irradiation of hexa-
methyldisiloxane (MM). (Total dose 93.8
Mrads) (Column conditions: 90°C for first
33 minutes, temperature programmed at
24°C/min.).

ment with exception of the case of methane.
The difference may be due in part to their
method of calibration between peak height and
mole fractions or their values may be correct
but a dose rate effect could be in evidence
since their dose rate was considerably higher
than that used in the present work. However,
comparison of their yields with those obtanied
by other workers on higher siloxanes would
suggest their for CH, is
simply too low (Table [). The observed diff-
erence from the present work is considerable,

reported value

representing a 0.7 G or 50% increase, and an
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Fig. 3. Liquid product yields versus irradiation
time for hexamethyldisiloxane (MM).
(dose rate=0.77Mrad/hr.)
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Fig. 4. Yields of dimeric liquid products versus
irradiation time for hexamethyldisilox-
ane (MM). (dose rate=0.77 Mrad/hr.)

increase in the total G gas of more than 25%.
This observation is of great importance to later
discussions of the irradiation of adsorbed spe-
cies where comparative yields are used as the
criterion for energy transfer.

A chromatogram of the liquid or non-volatile
preducts (—82°C) is shown in Fig. 2 along
with the product identifications. The product
yields as a function of dose are shown in
Figs. 3 and 4 and the G values for the various
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products are listed in Table [ along with val-
ues previously reported. In assessing the appa-
rent low precision of the MD,M yields, Fig.3,
it is necessary to keep in mind that this com-
pound is present in concentrations about 0.1 of
those of the other intermediate compounds.

As Figs. 3 and 4 and Table [[ indicate, the
liquid yields from irradiated hexamethyldisilox-
ane show a linear dependence on dose to about
80 MR. The products have been classified into
the categories of low molecular weight interme-
diate molecular weight, dimer products, and
higher molecular weight products.

The present work exhibits consiederable dif-
ferences from the previously reported values
for the liquid product yields. The sum of the
G value of the low molecular weight products
is found to be only 0.15 aganst 0.5 reported
earlier® and the intermediates only 0. 62 versus.
the total
values(l.88) are in very close agreement with

1.8. In the important dimer region

previously reported values (1.80), but the ind-
ividual yields are different. Such marked diffe-
rences must of course be rationalized and, once
again, we believe that the main problem lies
with the dose rate effect and with the lack of
calibration in the previous work. A third factor
would be the increased sensitivity of modern
instruments as compared to the older ones. The
latter point is exemplified by the fact that a
considerable number of postdimer products were
visible in the current study but could not be
resolved in the earlier work.

The calibration factor is perhaps best exempl-
ified by reference to Fig.1l. It is seen that the
internal weight response factor calibration for
the -SiOSiCH,CH,SiOSi- is 1.27. Thus the
assumption of equal response used in the work
of Dewhurst and St. Pierre results in an un-
derestimate of 272 . Errors of this magnitude go

a long way toward explaining the observed

Polymer (Korea) Vol. 6, No. 2, April 1982
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Table J[. G Values of Liquid Products from
Radislysis of Hexamethyldisiloxane
(Vacuum irradiated at R.T.)

Mins, _ IMolecules/100e.v.
(()Eettlt;lg)l Peak assignment ]_THiE_P?vi()Ts
work. data®
(Low molecular weight] producits)
Si(Me), 0.03 0.2
Me Me
| |
MeSiOSiH 0.12 0.3
| I
Me Me
(Intermediate molecular lweight iproducts)
Me Me
| l
MeSiOSiCH,Me i 0.34 1.1
| I
Me Me
Me Me Me
o]
2.5 MeSiOSi0OSi1Me(MDM) 0.21 0.5
ool
Me Me Me
Me Me Me
[ 1
MeSiOSICH,SiMe 0.03| trace
o
Me Me Me
Me Me Me
N
6.0 MeSiOSICH,0S8iMe 0. 04; 0.2
o
Me Me Me
(Dimer products)
Me Me Me Me

N
9.3 MeSiOSiOSiOSiMe(l\&D 0.C6 0.0
U T S R\ 9
Me Me Me Me
(Dimer products)

Me Me Me Me
il

11.4 MeSiOS3i0SiMe 0.17 0.5

[ 1]

Me Me Me Me

MeMe Me Me

[ ] [
22.3 MeSiOSICH,SiOSIMe | 1.16 1.0

| | P
MeMe Me Me
MeMe Me Me

(| ||
30.0 MeSiOSi(CH,),Si0SiMe 0. 49 0.3
P
Me Me

|
Me Me

differences in yields. A knowledge of the diffe-
rent values has, however, caused us to under-
take extraordinary precautions in terms of repe-
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titions, with the result that a high degree of
confidence exists in the stated precision of the
values in the current work.

The observed products, both gaseous and liqu-
id, can be reasonably accounted for on the ba-
sis of the free radical scheme proposed by
Dewhurst and St. Pierre®, assuming one radia-

tion event per molecule.

(CH;)Si0Si(CHy),- +CH, - -1
(CH;);Si0Si(CH;),
—(CH,),Si0Si(CH,) ,CH,- +H « --.2
(CH;)5Si0-+ « Si(CHy)geeee-eo-- 3
(CH,)4Si0Si(CHy),* +CH,- 4-e---410

Although subsequent recombination reactions
of the various fragments shown above can qual-
itatively account for the observed low molec-
ular weight products, it is evident from the res-
ults that a consideration of only random recom-
bination of these radical fragments cannot
explain all the observations. This is particula-
rly true for the higher molecular weight pro-
ducts, beyond SiOSi (CH,),SiOSi, which were
some fourteen in number and were undetected
by Dewhurst and St.-Pierre®. However,because
of their small yields, they made no attempt to
identify these or to measure them quantitatively.

Assuming the radical scheme to be correct,
hydrogen, methane, and ethane would be formed
by such reactions as

H._{_H.__J-Iz ................................. 5
H.-+RH—H,+ R. «oreeeiiiieniiinnen, 6
CHge -+ He s CHy eeevvenmnneiennicniiennees 7
CH;-4 RH——CH 4R+ coovveniiinninnns 8
CHj 4 CHge —— CoHg vevverrvevinieniiiiannnnns g

This scheme invokes a mechanism which is
based entirely on free radicals for the produc-
tion of the gaseous products. It is, however,
too simple a rationale, since both Wolf and

Stewart® and Dewhurst and St.-Pierre® found
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that the presence of the radical scavenger, io-
dine, had the effect of decreasing the methane
and hydrogen yields without changing the eth-
ane yield. Dewhurst and St. Pierre observed
that 102 M iodine decreased the G values of
hydrogen from 0.7 to 0.4 and methane from
1.4 to 0.7, while the ethane, :

of a “molecular reaction”, remained unchanged

in the manner

at a G value of 0.4. If iodine so greatly affe-
cts the reactions by which H, and CH, are for-
med, why not the biradical reation, 7, in which
ethane is formed? One can argue that reaction
7 occurs in the manner depicted but that it
takes place within a radiation spur through a
collision between an excited molecule with its
neighbours. Jodine would thus be less able to
intrude and interrupt the reaction. Charlesby et
al.19 have proposed such a mechanism for the

unscavenged H, production, specifically:

~Si-0-Si* +--Si-0-Si- —
-Si-0-Si-CH,-CH,-Si-0-Si- +-Hy--eveer 10

It is generally found in the irradiation of
methyl silicones that the methane yield is two
to three times the hydrogen and several times
greater than the ethane yield®®. This is also
the pattern of the present data, as can be seen
in Table ] where the gas yields obtained for a
number of linear and cyclic silicones are sho-
wn. Any mechanism which satisfactorily acco-
unts for the product ratios observed must expl-
ain both the high methane yield as well as the
inability of I, to affect the ethane yield.

Some insight into such a mechanism may be
gained from the work of Orlovi? and Dibeler
et al.1? In gas phase mass spectrometric stu-
dies of MM, the following breakdown pattern
was found.1¥ '

It is seen that methane is produced molec-
ularly in steps b and i, both of which are low-

yield events. Ethane is produced in a similar
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manner and again in low yield in step f. A po-
ssible precursor to both methane, through H
abstraction, and ethane, through radical combi-
nation, is CH; which is produced in very high
yield in step a. The susceptibility of the CH,
vield to trapping by I, suggests that at least
one-third of all methane is generated from the
CH, radical. If this is so, it is difficult to
rationalize the inability of I, to affect the C,Hg
vield if CHy is a precursor to this compound.

Accordingly, on the basis of mass specirom-
efry patterns, one is led to the conclusion
that path f, producing C,H,, and paths c,e and
h of Orlov’s scheme, all of which produce two
carbon fragments, are the probable routes to
ethane. The percent occurrence of reaction f is,
as observed in the scheme, only 1.22 that of
the primary breakdown, which is much less
than we require to account for the ethane
yield relative to that of methane shown in
Table ][, However, in addition to ethane, the
ethylene produced in the three subsequent reac-
tions is sufficient to give a total amount of 10%
relative to the methane. Assuming the ethylene
can capture an H atom to form C,H; then
ethane could be formed by the hydrogen ab-
straction C,H;.+RH— C,H,+R- reaction. This
path would increase the ethane to 11.2%,
thereby giving much better agreement between
the measured and postulated ratio of methane
to ethane, namely 6.3 and 9.5 respectively.
This rriechanistic path assumes that all of the
CH;. formed becomes CH,. It is probable, howe-
ver, that some, of the ethane forms-by a bj-
methyl radical combination, and this would bring
the two values cited above still closer together.

On the basis of the products detected, the
material balance for the radiolysis of MM wo-
uld be that shown in Table [V,

The difference in the hydrogen balance and
methyl balance is thought to be due to the

Polymer (Korea) Vol. 6, No. 2, April 1982
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formation of higher unidentified products con-
taining such crosslinks as -Si-Si-, -Si-CH,-Si-,
-Si-CH,-CH,-Si-, ~SiCH,-, -SiCH,CH,-. These
products are not included in Table ]|, but
have been cbserved in radiolytic studies of
hexamethyldisiloxane by Dewhurst and St.
Pierre® and of polydimethylsiloxane by Mill-
erl®

Mechanistically there is little that need be
added to the earlier discussion. However, since
the present studies are being made for the pur-
pose of comparison to the irradiation behaviour
in the presence of a second species, SiO, con-
sideration should be given to “non-visible” even-

ts. For instance, there are recombinations, by

Table [V. Materials Balance for Radiolysis of MM

H loss and gaini
Substance | Loss Substance Gain
G value G value
Si0SiCH,CH, 0.34 H,(x2) 1.30
SiOSiCH,Si 0.03 CH, 2.22
i OSiCH,0Si 0.04 SiOSiH 0.12
Si0SiCH,Si0Si 1.16
TSosic | 0 Ta
[2.55] 2641
net gainl, 01
CH,loss and gain
Substance Loss Substance Cain
G value | G value
SiOSiH I o012 . CH, 2.22
Si0Si0Si | 0.21 CH (%2) | 0.70
Si0SiOSIOSi(x2), 0.12 | SiCH, 0.03
Si0SiSiosi(x2) | 0.34
SiOSICH,SIOSi | 1.16 _
. 19 12:95.
inet gainl. 00

either radical or ionic processes, which cannot
be seen by the present method of analysis.
Such a reaction would be (invoking homolytic
bond cleavage) combinations of bd, ac

-Si-0-Si— -Si-+.0-Si- and cd. All form MM

—

a b b a and all reactions are

Ee(H A 64 A 2% 19824 49

Si-0-Si-— -Si-0.+.Si~- “invisible”.
c 4 d <

Here there are not only a simple recombina-
tion phenomena ab or cd but an intermolecular

reactions bd.

Summary and Conclusions

The irradiation chemistry of hexamethyldisi-
loxane has been studied in detail and product
yields have been established for both gaseous
and liquid products. Significant differences
from previously reported values, most notably
in the methane and in the methane ard in the
low and intermediae molecular weight liquid
products, were found. It is difficult to account
for the differences in the value found for me-
thane, from that of a previous report, but it
is shown that assumptions used in assigning
yields in the previous work are unjustified and
the new values reported herein are more dep-
endable. )

A materials balance is attempted and the
products found are rationalized on the basis of
fragmentation patterns found in mass spectro-
metric studies!?

The new G values are sufficiently different
from previous reports to have compietely justi-
fied this investigation. More so in view of the
fact that the present data are to be used as
the standard for later investigations.
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