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ABSTRACT: Photocatalyzed ring-opening polymerization of 1,1,3,3-tetramethyl-1,3-disilacyclobutane
(TMDSCB) by Pt(acac)2 is reported. Excellent conversion and high molecular weight polymers are produced
in the absence of O2. Inhibition experiments reveal the coexistence of both homogeneous and heterogeneous
catalytic species. The relative activity of these is discussed and a tentative polymerization mechanism
proposed. Pt colloid is proved to be the heterogeneous catalyst by a TEM study.

Introduction

Polycarbosilanes, polymers with silicon and carbon
atoms in the backbone, have been of significant interest
owing to their potential applications as silicon carbide
ceramic precursors. One synthetic route to such poly-
mers is the thermally induced ring-opening polymeri-
zation of 1,3-disilacyclobutanes first reported by Knoth.3
Later studies found this polymerization could be carried
out at lower temperatures through the use of various
transition metal complexes, with platinum compounds
being the most effective.4 The substantial ring strain
energy of the four membered ring, e.g., 17.7 kcal/mol
for tetramethyldisilacyclobutane,5 was believed to be the
driving force for this facile process. Such a reaction had
not been employed to a great extent until poly(silylene-
methylene) (PSM)6 and a series of substituted PSMs7

were synthesized in bulk using H2PtCl6 as the catalyst,
either at 80-100 °C or by refluxing, with the latter
lasting hours to days.

It is well-known that H2PtCl6 catalyzes the addition
of silicon hydrides to olefins, i.e., hydrosilylation.8 This
may indicate the two processes, ring-opening polymer-
ization of silacyclobutane and hydrosilylation, are simi-
lar in some aspects. Moreover, bis(acetylacetonato)-
platinum(II), Pt(acac)2, was recently reported to serve
as a photoactivated catalyst for hydrosilylation addition
of silanes to alkenes.9 Therefore, it became of interest
to study the feasibility of activating the ring-opening
polymerization process by irradiation.

Herein we report the ring-opening polymerization of
1,1,3,3-tetramethyl-1,3-disilacyclobutane (TMDSCB) us-
ing Pt(acac)2 as the photocatalyst (Scheme 1). In the
absence of O2, polymerization is so efficient that es-
sentially all the monomer is consumed within 15 min
and a linear polymer of high Mw (ca. 105) is obtained.
Inhibition experiments reveal two operative catalytic
mechanisms. To the best of our knowledge, such a
photoactivated process has not been previously reported.

Experimental Section

Materials. Chloromethylchlorodimethylsilane (Gelest Inc.),
Pt(acac)2 (Alfa), 1,7-octadiene (Aldrich), mercury (Bethlehem),
THF (anhydrous for monomer synthesis, HPLC grade for GPC
measurement, both from Aldrich), dichloromethane (anhy-
drous, Aldrich), benzene (thiophene free, Aldrich), HPLC grade
benzene (Baker), benzophenone (Fisher), and benzhydrol
(Baker) were used as received.

Instruments. Irradiations were carried out on solutions
contained in borosilicate glass containers in a Rayonet pho-
tochemical reactor equipped with a jacketed beaker (Pyrex).
8 W × 16 RPR-3500 Å lamps from Southern NE Ultraviolet
Co. were used. NMR spectra were obtained with a Varian
Gemini 200 NMR or a Unity Plus 400 NMR spectrometer and
chemical shifts are in ppm with the corresponding deuterated
solvents as the internal standard. For the 29Si spectra, TMS
was used as an external standard. Infrared spectra were taken
with a Galaxy series 6020 FTIR spectrometer. GC/MS mea-
surements were taken on a Hewlett-Packard 5988 mass
spectrometer coupled to an HP 5880A GC with a 30 m × 0.25
mm i.d. × 0.25 µm film thickness DB-5 ms column (J&B
Scientific). GPC was performed with a HP 1050 series HPLC
equipped with a HP 1047A refractive index detector and a
PLgel 5 µm mixed-C 300 × 7.5 mm column with a 5 µm guard
column. THF was used as eluent. Standard polystyrene
samples were obtained from Polysciences. TEM experiments
were carried out on a Zeiss EM10 transmission electron
microscope using a 400 mesh copper grid coated with carbon
purchased from Electronic Microscopy Sciences. UV-vis spec-
tra were measured on a HP 8452A diode array spectropho-
tometer.

Monomer Synthesis. TMDSCB was synthesized following
a literature method10 and purified by repeated fractional
distillation to give a 32% yield. Bp: 116-118 °C/760 mm. 1H
NMR (200 MHz, CDCl3, ppm), δ: -0.019 (s, 1H), 0.217 (s, 3H);
13C NMR (APT, 50 MHz, CDCl3, ppm), δ: 2.428, 3.665. 29Si
NMR (79.5 MHz, CDCl3, ppm), δ: 2.544. IR (neat, cm-1): 2956,
2901, 1247, 938, 867, 825, 690. MS (EI, 70 eV): 59 (20), 73
(12), 101 (19), 129 (100), 144 (25, M+).

Polymerization. A typical polymerization reaction is de-
scribed below: Pt(acac)2 (10 µL, 0.025 M in CH2Cl2: 2.5 × 10-4

mmol) was added to TMDSCB (0.5 mL, 0.42 g, 29 mmol) in a
2 mL borosilicate vial. [Since Pt(acac)2 does not dissolve in the
monomer, it is necessary to use least amount of methylene
chloride for the bulk polymerization.] Benzene, 0.5 mL, was
added in the case of solution polymerization. If air was to be
excluded from the system, the samples were degassed with
argon for 5 min. After irradiation, the sample was kept in the
dark for a prescribed period of time and then analyzed.
Conversion of monomer (NMR) was determined using the ratio
of the integration of methyl group in the monomer and to that
in the polymer. The effect of inhibitors was tested by adding
10 µL of 1,7-octadiene or a large drop of mercury before
irradiation.

Scheme 1
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The sample for the TEM study was prepared as follows:
After 15 min of irradiation and another hour of reaction in
the dark, a drop of the polymer solution was applied directly
to a carbon-coated copper grid. After being immersed in
dichloroethane for 5 min and dried for 10 min in a 60 °C oven,
the sample was immediately subjected to the TEM experiment.
Two other TEM samples were prepared from the reaction
mixture; one sample was left unirradiated and the other
irradiated for only 15 min of irradiation. Sample handling was
the same.

UV-vis spectra were taken on a TMDSCB solution (0.4 M
in CH2Cl2) by diluting 0.1 mL of the bulk polymerization
mixture to 1.5 mL using CH2Cl2 in a quartz cuvette at specified
times during the continuous irradiation. Air was used as the
background. For quantum yield studies the bleaching of the
344 nm absorption band was used to estimate the consumption
of Pt(acac)2. Benzophenone-benzhydrol solution in benzene
was used as the actinometer.11

Spectroscopic data for the polymer are as follows. 1H NMR
(200 MHz, CDCl3, ppm), δ: -0.263 (s, 1H), 0.029 (s, 3H). 13C
NMR (APT, 50 MHz, CDCl3, ppm), δ: 2.701, 7.487. 29Si NMR
(79.5 MHz, CDCl3, ppm), δ: 0.040. IR (neat, cm-1): 2953, 2898,
1252, 1058, 830, 804.

Results and Discussion
Facile ring-opening polymerization of TMDSCB con-

taining as little as an 8.6 × 10-5 molar ratio of Pt(acac)2
takes place at room temperature with 350 nm irradia-
tion. At this concentration, the absorbance of Pt(acac)2
at 344 nm (ε ) 3.9 × 103) is ≈2 in the 2 mL vial which
has an approximate 1 cm optical pathway. In control
experiments, the same mixture stays unchanged in the
dark for an indefinite period of time. The monomer also
undergoes no reaction when irradiated under similar
conditions for 2 h in the absence of the platinum
compound. Irradiation for 15 min is sufficient to initiate
and carry out the polymerization. Continuous irradia-
tion is unnecessary. Clear and viscous polymers are
obtained in most of the platinum-catalyzed polymeri-
zation cases, and molecular weights of 105 are typical
for the bulk polymerization. Polydispersity depends on
the reaction conditions. The polymer dissolves easily in
common organic solvents such as CHCl3 and THF. The
1H NMR spectrum indicates that the polymer has a
linear structure. The methyl and methylene groups all
shift upfield about 0.2 ppm as a result of the relief of
ring strain resulting from conversion of monomer to
polymer. The Si-CH2-Si band in the infrared spectrum
is shifted from 938 cm-1 in the monomer to 1058 cm-1

in the polymer, and this is due to the ring-opening as
well. The polymerization experiments are summarized
in Table 1.

In the presence of air, and during the early stages of
reaction, GPC showed only one narrow polymer peak,
with a polydispersity between 2 and 3, as well as
unreacted monomer. As the reaction proceeds, both
consumption of monomer and growth of polymer, as well
as the appearance of another polymer peak of lower
molecular weight, occur. The areas of the two peaks are
given in Table 1. In experiment 2, we observed sub-
stantial broadening of the polymer peak and an increase
in polydispersity. The two peaks were also not resolved
as clearly as in the other cases. When an 8.6 × 10-5

molar ratio of Pt(acac)2 is used, more than 60% of
polymer is observed to be of higher molecular weight.
However, with 10 times more catalyst, an inversion of
the relative ratio of the two polymer fractions is
observed, no matter whether the polymerization is
carried out in bulk or in benzene solution (experiments
3 and 4).

When O2 is excluded from the system (experiment 8),
substantial enhancement of catalytic efficiency is ob-
served. Virtually quantitative conversion (98%) to poly-
mer was obtained after only 15 min irradiation. A
polymer with high Mw was formed. Careful observation
revealed an induction period precedent to rapid polym-
erization, and a considerable amount of heat released.
GPC showed only one polymer peak with a polydisper-
sity around 3 for both bulk and solution phase polym-
erization under Ar. Solution polymerization in benzene
in the absence of O2 (experiment 9) took longer to reach
completion.

The observation of the formation of two polymer peaks
on GPC when O2 is present may indicate that two
mechanisms coexist for polymer formation under these
conditions. Alternatively, there could be two species of
different catalytic activity participating in the formation
of polymer.9b It is most likely that one of these two
species is a homogeneous catalyst, and the other het-
erogeneous. To understand the nature of these species,
mercury and 1,7-octadiene were employed to inhibit
polymerization because these inhibitors are known to
specifically interfere, respectively, with heterogeneous
and homogeneous platinum related catalysts.,9b,12 Both
Hg and 1,7-octadiene show substantial inhibition effects
in that they lower both the final conversion and the
molecular weight. Figure 1 shows the results of experi-
ments carried out in the presence of air. Only 9%
conversion was reached when both inhibitors were
added to the reaction mixture, and the molecular weight
was almost an order of magnitude lower than found in
the absence of these inhibitors. On the other hand, only

Table 1. Summary of Polymerization Reactionsa

expt
no. atm

Pt(acac)2/
TMDSCB

irradiation
time (min) solventb

other
additive(s)

conversionc

(%) 10-5Mw
d

1 air 8.6 × 10-5 continuous 92 (24 h) 3.0 (63), 0.16 (37)
2 air 8.6 × 10-5 15 80 (24 h) 2.4
3 air 8.6 × 10-4 15 85 (24 h) 6.9 (22), 0.26 (78)
4 air 8.6 × 10-4 15 benzene (50%v/v) 49 (24 h) 7.3 (38), 0.20 (62)
5 air 8.6 × 10-5 15 Hg 30 (24 h) 0.90
6 air 8.6 × 10-5 15 1,7-octadiene 34 (24 h) 1.4
7 air 8.6 × 10-5 15 Hg, 1,7-octadiene 9 (24 h) 0.3
8 argon 8.6 × 10-5 15 98 (15 min) 2.6
9 argon 8.6 × 10-5 15 benzene (50%v/v) 95 (12 h) 3.1

10 argon 8.6 × 10-5 15 1,7-octadiene 58 (24 h) 1.5
11 argon 8.6 × 10-5 15 Hg 95 (15 min) 2.5
a See text for experimental details. b A minimum CH2Cl2 was used to dissolve the catalyst. c Conversion was based on an 1H NMR

calculation. The values in parentheses describe the corresponding reaction time. d Mw was determined by GPC using THF as eluent; Two
values were given when two peaks were clearly present in the chromatography, and the values in parentheses are the area percentage
of the two peaks.
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diene shows an inhibitory effect under Ar. Hg shows
no inhibition (experiments 10 and 11, Table 1).

Because homogeneous and heterogeneous transition
metal catalysts respond differently to oxygen, the dif-
ferent polymerization behavior we observed gives comple-
mentary information about the process. In studying
photoactivated hydrosilylation reactions, Lewis and
Salvi found that oxygen saturation prior to irradiation
nearly completely inhibits the catalytic activity of the
proposed homogeneous catalyst formed from Pt(acac)2.9b

In contrast, it has been suggested that the presence of
oxygen is essential to the production and stabilization
of the colloidal platinum catalyst.13 At the same time,
many catalysts such as H2PtCl6, facilitate both hydro-
silylation reactions and the ring opening of disila-
cyclobutane. We assume, therefore, that the catalysts
in our system behave similarly to those that catalyze
hydrosilylation. In the presence of O2, the formation and
stabilization of the heterogeneous catalyst is favored,
while the activity of homogeneous catalyst is most likely
reduced. When O2 is excluded, heterogeneous catalysis
is not likely to take place. Instead, homogeneous ca-
talysis should be dominant. These predictions match,
completely, the results of our inhibition experiments.
Under aerated conditions, both inhibitors show certain
predicted effects, indicating that the two species coexist.
However, under inert atmosphere, the heterogeneous
catalyst inhibitor, Hg, causes no inhibition, revealing
the lack of heterogeneous processes. The activity of the
homogeneous catalyst is greatly increased as well,
showing the strong effect of O2. Accordingly, GPC
showed two peaks in the polymer region in the former
case and only one peak in the latter. These results, when
taken together, give a consistent picture of the catalytic
process in this system and support the point that, in
the presence of O2, both homogeneous and heteroge-
neous catalysts are responsible for the polymerization,
while homogeneous catalysis dominates under inert
atmospheres.

To further elucidate the nature of the catalysts, UV-
vis spectra were measured during the irradiation a
TMDSCB (0.4 M) and Pt(acac)2 (3.3 × 10-5 M solution
in CH2Cl2) in the presence of air; see Figure 2. During
continuous irradiation, the 344 nm band disappears and
a new absorption maximum at 258 nm appears. After

about 1 h of irradiation, elevation of the baseline is
evident and the solution turns yellow. The allowed
transition of lowest energy for Pt(acac)2 at 344 nm is
assigned mainly to a ligand-localized π-π* transition.
UV irradiation of the compound in nonreactive solvents
results in formation of acetylacetone [H(acac)] and
colloidal platinum. Addition of either hydrosilane or
olefin accelerates the photodecomposition and a primary
photoproduct intermediate (formed via one Pt-O bond
cleavage) is observed by both UV-vis and 1H NMR
spectroscopy.14 Subsequent irradiation results in com-
plete loss of one acetylacetonate ligand (two Pt-O bond
cleavage) and the formation of a secondary photoproduct
1, the ultimate active homogeneous hydrosilylation

catalyst.9b In our case, the decay of the 344 nm peak
corresponds to the consumption of Pt(acac)2 and is used
to calculate the quantum yield. Similar spectral results
were obtained in a previous study.15 The free protonated
ligand, H(acac), has an absorption maximum at 274 nm.
We are unable to identify formation of H(acac) because
of the proximate 258 nm band which is that of the
photoproduct. This is also the active homogeneous
catalytic species (we designate it “P”) that initiates and
carries on the polymerization. The exact interaction
between the platinum compound and monomer remains
unknown. There are several possibililities. Kriner4e and
Levin4f et al. believe a zwitterionic intermediate is the
initiating species for the polymerization. If this is the
case, coordinative unsaturation of the platinum com-
pound produced upon irradiation may serve to induce
electronic redistribution and produce the zwitterion. In
other words, the interaction activates the Si-C bond of
the four-membered ring. Cundy et al. proposed, based
on a study of an analogous reaction of Fe(CO)9,16b that
oxidative addition to the metal center occurred at the
beginning of the interaction.16a Recently, oxidative ad-
dition products of Si-C bonds of silacyclobutanes to
1-platina-2-silacyclobutane complexes Pt(PEt3)3, 2, have
been isolated.17 In the Me2Si case, dimerization of the
silacyclobutane dominates if phosphine ligand is present,
while polymerization is exclusive in the case of the

Figure 1. Effect of inhibitors on the conversion of monomer
vs reaction time (including 15 min irradiation time) during
bulk polymerization in the presence of air: Pt(acac)2/TMD-
SCB ) 8.6 × 10-5, irradiated for 15 min at room temperature,
without any additive (b), in the presence of Hg ([), in the
presence of 1,7-octadiene (0), or in the presence of both Hg
and 1,7-octadiene (9).

Figure 2. UV-vis spectra change during bulk polymerization
in the presence of air. Conditions: 0.4 M TMDSCB in CH2-
Cl2, [Pt(acac)2] ) 3.3 × 10-5 M, 350 nm, room temperature,
and irradiation time ) 0, 10, 20, 40, 60, and 120 min.

Macromolecules, Vol. 32, No. 19, 1999 Photocatalyzed Ring-Opening Polymerization 6005



phosphine-free platinum complexes. In the latter case,
presence of an oxidative addition complex was evidenced
by NMR. The same interaction also likely takes place
between the Si-C bond and photoinduced active plati-
num species in our system, activating the Si-C bond
to facilitate the subsequent chain process.

The quantum yield of disappearance of Pt(acac)2 is
reported in Table 2, along with data for the quantum
yield in the presence of hydrosilane and olefin. In the
case of bulk polymerization (6.0 M), photodecomposition
of Pt(acac)2 is at least 2 orders of magnitude more
efficient than in its absence. The quantum yield de-
creases with the decrease of the monomer concentration.
In fact, the disappearance of 344 nm band results from
the trapping of the coordinatively unsaturated inter-
mediate by TMDSCB. When the concentration of mono-
mer is decreased, the ability to trap the intermediate
decreases. Comparison of the quantum yield of TMD-
SCB (0.4 M in CH2Cl2) with quantum yields measured
for the case of hydrosilane and olefin under the same
concentrations shows that TMDSCB is less efficient
than hydrosilane and olefin in promoting the decompo-
sition of the platinum compound. This, in turn, is also
a measurement of relative trapping ability.

The elevation of the baseline in the UV-vis spectra
and yellowing of the solution are indicative of the
formation of colloidal platinum. Moreover, Pt on carbon
is known to initiate the ring-opening polymerization.4b

A TEM study on Pt colloids has been carried out on such
systems previously by Lewis.18 The TEM of our samples
carried out on the sample after 15 min of irradiation
and 1 h of dark reaction, Figure 3, evidences 0.2-0.6
µm ellipsoids of the right size range for such a colloid.
Elevation of the baseline in the visible region and
yellowing of the solution were also both evident. How-
ever, we observed no such ellipsoids in the reaction
mixture with no irradiation, nor in the reaction mixture
immediately after 15 min of irradiation, suggesting the
heterogeneous catalyst is indeed colloidal platinum, Pt0,
and was produced at later stages of the reaction.

The timing of the formation, and the activity, of the
two catalytic species is worth noting. GPC showed only
one narrow polymer peak at early stages of polymeri-
zation. When Hg was added, rapid initiation of polym-
erization was unaffected (see Figure 1). What is more,
TEM studies showed the absence of Pt colloid at early
stages of the reaction. Thus, the two catalytic species
are not both produced at the onset of the reaction. UV

irradiation produces the active homogeneous catalyst
first, which is then converted to the heterogeneous
catalyst, that is, we suggest, Pt colloid. It is also
reasonable that some of the Pt colloid is produced from
Pt(acac)2 directly upon irradiation. However, there is
an induction period precedent to this process consistent
with the absence of heterogeneous catalyst at the onset
of irradiation. These results enable assignment of the
two polymer peaks as resulting from the two corre-
sponding catalytic species when we were following the
reaction by GPC. Pt colloid is produced later in the
reaction and is responsible for the formation of the
polymer with lower molecular weight. When an 8.6 ×
10-5 molar ratio of Pt(acac)2 is used, the heterogeneous
catalyst also consumes less monomer. The superior
activity of the homogeneous catalyst is well evident
when O2 is excluded from the system. Therefore, we
conclude that the homogeneous catalyst is more active
than the heterogeneous catalyst.

We observed the inversion of the relative amounts of
the two polymer fractions when an order of magnitude
more catalyst was used. This may be due to the
concentration effect of the two catalytic species. That
is, the direct production of Pt colloid from Pt(acac)2 may
be concentration dependent. So, when 10 times more
Pt(acac)2 is used, more Pt colloid is produced and this
consumes more monomer thus resulting in the inver-
sion.

We propose a tentative mechanism for the polymer-
ization (Scheme 2) that shows the two proposed mech-
anisms for the ring-opening polymerization. Pt colloid
may be produced either from Pt(acac)2 or from photo-
product P, either thermally or photochemically. But,
from the results of the control reaction, the thermal
pathway starting from Pt(acac)2 is less likely.

Table 2. Quantum Yield of Disappearance of Pt(acac)2

additive

TMDSCBc

none Et3SiH 1-hexene 0.4 M 1.2 M 6.0 M

103Φ 0.047a 1.8b 2.6b 0.19d 1.5d 10e

a From ref 15. b From ref 14. c 350 nm irradiation at room
temperature. Decay of 344 nm band is used to calculate the
quantum yield, with benzophenone-benzhydrol as chemical ac-
tinometer. The molar ratio of Pt(acac)2 to TMDSCB was main-
tained constant at 8.6 × 10-5. d CH2Cl2 as solvent. e Bulky polym-
erization conditions; see text for detail.

Figure 3. TEM photograph of a bulk polymerization sample
after 15 min of 350 nm irradiation and 1 h of dark reaction.
Treatment with dichloroethane and 10 min of 60 °C oven
drying were performed before the observation.

Scheme 2
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Attempts to clarify the interactions of the platinum
compound and monomer are in progress, as well as
studies of the scope of such photoactivated processes.
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