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Cyclic and linear poly(dimethyl siloxanes) were heated under vacuum in the temperature range 623~
693K for periods of hours or days in the absence of catalysts. The products were analysed by gas-liquid
chromatography and gel permeation chromatography. The results for the linear poly (dimethyl siloxanes)
were in full agreement with the published work of Thomas and Kendrick. The effect of heat on the cyclic
poly(dimethyl siloxanes) was that predicted, assuming that similar siloxane bond interchange reactions
take place to those believed to occur in the linear polymers. The cyclic poly(dimethyl siloxanes)
produced mixtures of cyclic oligomers, together with polymeric products which have considerably
higher molecular weights than the starting materials. Itis proposed that these polymeric products consist
of mixtures of ring molecules [(CH;),Si0],. Some of these cyclic polymers are estimated to contain (on
average) more than 10000 skeletal bonds. Similar mixtures of cyclic oligomers and high
molecular weight polymeric nroducts were obtained by heating hexamethylcyclotrisiloxane and

octamethylcyclotetrasiloxane.

INTRODUCTION

Atoms (or groups of atoms) linked together to form long
chains are the basic units of familiar synthetic polymers.
Such polymers may consist of simple linear molecules.
Alternatively, the chains may be branched, or crosslinked
to form network structures. Many thousands of polymers
based on long chain molecules have been prepared and
characterized, and some have been used commercially as
plastics. fibres and rubbers' ™.

During the past two decades, our experimental and
theoretical investigations have been directed towards the
preparation and characterization of a different type of
synthetic polymer, where atoms (or groups of atoms) are
linked together to form large rings* ™ '2. We have called
such polymers cyclic polymers. They have a strikingly
simple topology, differing from linear polymers in that
they have no free ends. For practical purposes, true cyclic
polymers may be considered to consist of mixtures of ring
molecules containing (on average) at least 100 skeletal
bonds. This restriction excludes the numerous macrocyc-
lics with less than 100 skeletal bonds that are described in
the literature.

Cyclic poly(dimethyl sitloxane) fractions were the first
synthetic cyclic polymers to be prepared and characte-
rized®” '%. They were recovered from ring- chain equilib-
ration reactions, carried out in the presence of inert
solvents'? ~'°. Already, more than fifty sharp fractions of
cyclic poly(dimethyl siloxanes) (each on an average scale
of 2 g) have been obtained in our laboratory using
preparative gel permeation chromatography®. All these
fractions consist of ring molecules with (on average) from
100 to 700 skeletal bonds. The cyclic poly(dimethyl
siloxanes) have been characterized by: (i) cyclization
studies®7'*!%: (ii) gel permeation chromatography!* ™ 1°;
(iii) dilute solution and bulk viscometry®'!. (iv) low-angle
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neutron scattering investigations'”; and (v) diffusion
measurements' .

In the future, it is expected that more complex topologi-
cal structures involving cyclic polymers will be synthe-
sized. For example, branched cyclic polymers (where the
branches may be either ring or chain molecules), and
crosslinked networks of cyclic polymers with no free ends.
Some examples of possible arrangements of just two (or
three) large cyclic molecules are shown diagrammatically
in Figure 1. A number of circular deoxyribonucleic acids
(DNAs) have already been found to be present in viruses,
bacteria and mitochondria, and DNA molecules with the
topological structures (I), (Ic) and (Illc) in Figure [ have
all been identified in natural systems'’™ ' Thc first
synthetic compound with the topology (I1lc) was prepared
by Wasserman?? and other examples of molecules with
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Figure 1 Possible structures formed from two (and three) large
ring molecules
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Figure 2 Siloxane bond interchange reaction for linear poly(di-
methyl siloxanes). The intermolecular process {(a) results in a
broadening of the molecular weight distribution. The intramole-
cular process (b) gives a mixture of cyclic oligomers

this topology have been discussed by Schill?2. In principle,
cyclic polysiloxane molecules could be linked together
chemically to produce a wide range of structures, includ-
ing some of those shown in Figure 1.

Differences between the topologies of large ring mo-
lecules and long chain molecules can be illustrated by the
following example. The random scission of a skeletal
bond in a large ring molecule produces a chain molecule
with an identical molecular weight, whereas random
scission of a skeletal bond in a long chain molecule
produces two shorter chain molecules. Thus, the mechani-
cal degradation of cyclic and linear polymers (of similar
molecular weight) by the random scission of their skeletal
bonds would be expected to produce polymers which
initially have markedly different molecular weight ave-
rages. Studies of such mechanical degradation have been
initiated. Another simple consequence of the differences in
topology is that there are no linear analogues of the
possible catenated dimeric and trimeric cyclic polymers
shown as (Ilc), (ITlc) and (I11d) in Figure I. Furthermore,
there is only one structure for the linked cyclic dimer
molecule (IIb), whereas there are many possible isomeric
structures for the linear analogue consisting of two chains
joined together by any pair of monomeric units along
their length.

The fact that cyclic and linear polymers do have some
markedly different properties has been demonstrated
recently by a study of the bulk viscosities of cyclic and
linear poly(dimethyl siloxanes)!'. Cyclic fractions with
substantially less than 100 skeletal bonds were found to
have considerably higher bulk viscosities than their linear
analogues. By contrast, cyclic fractions with substantially
more than 100 skeletal bonds were found to have decidedly
lower bulk viscosities than their linear analogues.

In this paper, it is shown that the effect of heat on cyclic
and linear poly(dimethyl siloxanes), with similar mole-
cular weights, produces polymeric products with quite
different molecular weights and molecular weight distri-
butions. These differences are believed to be a direct
consequence of the different topologies of the large ring
and long chain molecules.

The action of heat on linear polysiloxanes in sealed
quartz tubes under vacuum and in the absence of
additives or catalysts has been studied by Thomas and
Kendrick?#?°. These authors found that linear
poly(dimethyl siloxanes) depolymerize on heating at
693K for several hours to yield a mixture of volatile
compounds, consisting almost entirely of low molecular
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weight cyclics [(CH,),S10],, with hexamethylcyclotrisi-
loxane and octamethylcyclotetrasiloxane as the main
components. In addition, polymeric products are formed
with much broader molecular weight distributions than
the starting materials, and usually (but not always)
considerably lower molecular weights.

Thomas and Kendrick**-2% interpreted their results by
proposing a siloxane bond interchange reaction involving
the formation of a cyclic four-centre transition state,
followed by the rearrangement of siloxane bonds. This
mechanism is illustrated in Figure 2, which indicates how
both broadening of molecular weight distributions and
the production of volatile cyclics result when the linear
polymers are heated. The siloxane bond interchange
reaction has been discussed by other authors?®-?7, and
similar cyclic four-centre transition states have been
suggested for bond interchange reactions in condensed
phosphates?® and in other inorganic polymers?®

Cyclic poly(dimethyl siloxanes) would be expected to
undergo similar bond interchange reactions to those of
the linear polymers. Hence, as illustrated in Figure 3, the
products resulting from heating cyclic poly(dimethyl
siloxane) fractions are predicted to be a mixture of cyclic
oligomers, together with cyclic polymer with a much
higher molecular weight than the starting material. As will
be discussed, chromatographic analyses of the products
resulting from the heating of cyclic poly(dimethyl si-
loxanes) are in full agreement with this prediction.

EXPERIMENTAL
Materials and instrumental techniques

The cyclic and linear poly(dimethyl siloxane) fractions
were prepared and characterized by methods described
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Figure 3 The siloxane bond interchange reaction for cyclic

poly {dimethyl siloxanes). The intermolecular process (a) results
in a much higher molecular weight cyclic polymer than that of the
starting material. The intramolecular process (b) gives & mixture
of cyclic oligomers
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Figure 4 The densities p of cyclic (®) and linear (C) dimethy!
siloxanes and poly(dimethyl siloxanes) at 298K. The values are
accurate to +0.002 g cm—3
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Figure 5 The refractive indices np of cyclic (®} and linear {O)
dimethyl siloxanes and poly (dimethy! siloxanes) at 298K

previously® ~'?. Their densities and refractive indices were

measured, and found to be in agreement with values
obtained in previous work for other cyclic and linear
fractions (see Figures 4 and 5). The cyclic fractions
consisted of mixtures of ring molecules {(CH,),Si0],,
each containing 2x skeletal bonds. The linear fractions
consisted of mixtures of chain molecules

(CH,);SiO[(CH,),SiO],Si(CH,),

each assumed to contain 2y skeletal bonds.

A gas-liquid chromatograph (g.l.c.) fitted with a heated
katharometer detector, and two analytical gel permeation
chromatographs (g.p.c.) were used to analyse oligomeric
and polymeric dimethyl siloxanes. Toluene was the
solvent for both g.p.c. instruments. One g.p.c. instrument
was fitted with columns packed with Styragel (supplied by
Waters Associates Ltd), with nominal porosities 25, 100,
300, 300 and 300 nm, respectively. The other was fitted
with columns packed with PL-gel (supplied by Polymer
Laboratories Ltd), with nominal porosities 10, 100 and
1000 nm, respectively.

Procedures

Samples of cyclic and linear oligomers and polymers
(each on a scale of 0.1-10 g) were sealed in Pyrex glass
tubes of appropriate size, following the removal of all

traces of gases and other volatile materials. The tubes
were sealed under vacuum (at pressures lower than 0.1
N m '), and heated at temperatures in the range 623 693 K
(+5K) in a furnace. After cooling, the sample tubes were
opened and the products dissolved in toluene or bu-
tanone, or some other suitable solvent, before analysing.
In some cases, the products were analysed directly by g.l.c.
without the addition of a solvent.

RESULTS AND DISCUSSION

Effect of heat on linear poly(dimethyl siloxanes)

Linear poly(dimethyl siloxane) fractions were heated at
temperatures in the range 623-693K for periods of time
ranging from 1 h to several days. The products obtained
were analysed by g.l.c. and g.p.c., and found to be those
described by Thomas and Kendrick**. For example, a
g.p.c. of the products obtained by heating a linear fraction
(with 1,=172 and M /M, =120) at 668 K for 3 days is
shown in Figure 6. A polymeric product is obtained,
which is assumed to be linear and is estimated to have a
number-average molecular weight close to that of the
original fraction (A,=168) but with a much broader
molecular weight distribution (M /M, =1.67). The low
molecular weight products were analysed by g.l.c.. and
shown to be a mixture of cyclics [(CH;),SiO], (mainly x
= 3.4, 5 but with some x=6-9). All these observations are
in agreement with the results of Thomas and Kendrick*#,
and can be interpreted in terms of the siloxane bond
interchange reactions illustrated in Figure 2.

wi

Effect of heat on cyclic polydimethyl siloxanes) and cyclic
dimethyl siloxane oligomers

The products obtained by heating cyclic poly(dimethyl
siloxane) fractions, under the same conditions as the
linear fractions, were in agreement with those predicted
assuming the siloxane bond interchange reactions illus-

A =172
a My, [ My =120
b
b Cyclic _p=108
oligomers MyIM, =167

* '

1 L 2

70 60 50
Elution volume (counts)
Figure 6 G.p.c. tracings of (a) a linear poly(dimethyl siloxane)
fraction before heating, and {(b) the products obtained after heating
at 668K for 3 days. The scale showing the elution volumes in
counts is the same for both traces
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Figure 7 G.p.c. tracings of {a) a cyclic poly({dimethyl siloxane)

fraction before heating, and (b) the products obtained after heat-
ing at 668K for 3 days. The scale showing the elution volumes in
counts is the same for both traces, and the exclusion limit of the
columns corresponds to ~43 counts

trated in Figure 3. For example, a g.p.c. of the products
obtained by heating a cyclic fraction (with i1, =145 and
M, /M,=1.06) at 668K for 3 days is shown in Figure 7.
The low molecular weight products, formed in ~25%
yield, were analysed by g.l.c. and found to consist only of
the cyclic oligomers [(CH;),Si0],. These cyclics are
predicted to result from the intramolecular reactions
illustrated in Figure 3b. The other product (formed in
~ 759, yield) is identified with the high molecular weight
cyclic poly(dimethyl siloxane), predicted to be formed by
the intermolecular bond interchange reactions shown in
Figure 3a. From its g.p.c. elution volume, it is estimated to
have i1i,= ~3500 and M /M,= ~1.3.

In principle, the reactions shown in Figure 3a could
lead to the production of ring polymers containing a
virtually unlimited number of skeletal bonds. In this
connection, it is noted that g.p.c. analyses of the products
from some of the cyclic poly(dimethyl siloxane) reactions
gave products which were estimated to contain well over
10000 skeletal bonds. Catenated cyclic molecules would
be expected to be present in these products, including the
species IIc and Illc in Figure I (it is noted that species llc
can be formed from species HIc).

The progress of some of the reactions was monitored by
analysing samples after they had been heated at the same
temperature for different periods of time. The g.p.c.
tracings obtained by heating a cyclic fraction (with 71, = 88
and M /M,=107) at 693K for periods of 3-28 h are
shown in Figure 8. The yield and the number-average
molecular weight of the polymeric product increased
steadily over the time period, and at the end of the 28 h
period there was no trace of the starting material.

High molecular weight polymeric products were also
obtained by heating cyclic dimethyl siloxane oligomers.
For example, hexamethylcyclotrisiloxane and octa-
methylcyclotetrasiloxane gave polymers which are believed
to be cyclic and to contain at least 2000 skeletal bonds.
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Figure 8 G.p.c. tracings of a cyclic poly{(dimethyl siloxane) frac-
tion before heating (a), and after heating at 693K for (b} 3 h,

(c) 6 h, {d) 12 h and (e) 28 h. The scale showing the elution
volumes in counts is the same for all the traces, and the exclusion
limit of the columns corresponds to ~43 counts

Cyclic oligomers [(CH;),Si0], (x=3-9) were also pro-
duced. These reactions are being studied in more detail at
the present time. The high molecular weight polymeric
products formed from the cyclic oligomers and from the
cyclic poly(dimethyl siloxane) fractions are also being
investigated.
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