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Formation of radicals in stepwise thermolysis of polyunsaturated
polycarbosilane —[(Me2SiC≡≡≡≡≡C)4Me2SiCH=CH]n— *
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The onset temperature of radical formation in the stepwise thermolysis of polyunsaturated
polycarbosilane —[(Me2SiC≡C)4Me2SiCH=CH]n— with n > 2 was found by ESR spectros�
copy. Beginning from 230 °C two types of radicals are formed. The first radical arises on
heating to 240 °C due to the delocalization of unpaired electrons over the polyunsaturated
polymer systems to H atoms of the Et groups of the polymer. The second radical appears at
temperatures ≥240 °C due to delocalization to H atoms of the Me groups through the vacant
3d�orbital of the Si atom.
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The formation of a silicocarbon matrix by thermolysis
of polycarbosilane begins from the bond rupture and re�
combination stages. Under specified conditions, some
unpaired electrons (UE) that released by bond rupture are
stabilized in the formed system of the polyconjugated
bonds of polyunsaturated polycarbosilane (PCS). Char�
acteristics of such UE can be obtained with the use of
ESR spectroscopy.1,2

To elucidate the mechanism of the initial stages of
thermolysis of the polyunsaturated silicohydrocarbon
—[Me2SiC≡C)4Me2SiCH=CH]n— (n > 2) (1) and to de�
termine the onset temperature of the radical formation,
we studied this process by ESR during heating the poly�
mer from 30 to 260 °C.

The first, low�intensity spectrum in the region of ESR
signals of the organic radicals was found at 230 °C (Fig. 1).
When the temperature is increased to 240 °C, the ampli�
tude of the ESR signal increases and a dublet of dublets
appears. Splitting in the 3.2—3.5 G region is due to the
nonequivalent trans�protons of the bridging Et group. The
g�factor is 2.0029±0.0003. The singlet line appears in the
center of the spectrum at 240 °C. After heating to 250 °C,
the amplitudes of the dublet lines increare slower than
that of the singlet line. It is seen from the differential ESR
spectrum of the radicals formed in the temperature range
of 240—250 °C (see Fig. 1) that the amplitude of the

central line is higher than the sum of the amplitudes of the
dublet lines.

When the temperature is elevated to 260 °C, the cen�
tral singlet line mainly increases. The concentration of
UE determining this line increases to ∼1016 spin g–1. The
intense singlet masks the dublets (Figs. 2 and 3).

The fact that resolution of the dublets deteriorates and
they transform to a triplet can be due to the UE spin�spin
exchange interactions because of increase in their con�
centration and an increase in the melt viscosity upon the
thermopolycondensation of the polymer. When the power
level in the ESR resonator is enhanced to 30 mW, the
saturation of resonance transitions of UE in PCS occurs
at 260 °C. As a result, the intensity of the singlet decreases
compared to that of the doublet lines and broadened dou�
blet lines appear, which are saturated to a lesser extent
(see Fig. 3). If the singlet was determined only by trans�
formation of the doublets, then the relaxation time of the
UE singlet would be shorter than that of the UE doublets,
because transformation of the doublets to the triplet is
due to a decrease in the relaxation time of the UE dou�
blets. However, as can be seen in the saturated spectrum,
the relaxation time of the UE singlet is longer. The differ�
ence in the UE relaxation times indicates that UE, which
determine both the doublet and singlet lines, have differ�
ent localization. This conclusion is supported by the
anisotropy of the saturated spectrum, which gives evi�
dence of different g�factors for the overlapping lines of
the double doublet and singlet.

* Dedicated to Academician I. P. Beletskaya on occasion of her
anniversary.
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Fig. 1. ESR spectra of radicals formed on heating of PCS 1 in argon up to (a) 230, (b) 240, (c) 250; and (d) 240—250 °C (differential
spectrum at 250 and 240 °C is presented).

3270 3280 3290 H/G

∆Irel (rel. units)

200

0

–200

a

3270 3280 3290 H/G

∆Irel (rel. units)

100

50

0

–50

–100

c

Fig. 2. ESR spectra of radicals formed on heating of PCS 1 in argon up to 260 °C (a); differential spectra obtained during heating PSC
from 250 to 260 °C (b) and storage at 260 °C for 60 and 90 min (c) and 10 and 180 min (d).
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Fig. 3. ESR spectra of radicals formed on heating of PCS 1 in argon at 260 °C for 240 min (a); upon saturation of resonance transitions
of unpaired electrons of radicals with excess MV�radiation (∼30 mW) at 260 °C (b); after cooling the sample in argon down to
20 °C (c); after storage in air at 20 °C for three months (d).

The singlet line may contain the unresolved spectrum
of UE interacting with protons of the Me groups at the
silicon atoms. The HFS on the protons of the Me groups
is poorly seen on the wings of the spectrum of the radicals
formed at 260 °C (Fig. 4). The interaction of the unpaired
electrons of the Ph groups with the protons of the Me
groups through the Si atoms, which manifests itself
in the HFS of the ESR spectrum of its radical ion, is
known.3

After the PCS was cooled to room temperature, the
ESR spectrum of the radicals does not markedly change
in intensity and the doublets disappear (see Fig. 3). This
can be due to their transformation to the singlet upon the
melt—solid transfer because of a change in the relaxation
time. The singlet linewidth increases up to ∼4 G. After of
the PCS sample was stored at room temperature in air for
3 months, the concentration of the paramagnetic centers
(PMC) does not substantially change. A decrease in the
amplitude of the spectrum is due to the line broadening
from ∼4 to ∼9 G.

Such a high stability at these temperatures of the radi�
cals formed is not typical of melts of hydrocarbon poly�

Fig. 4. ESR differential spectrum of the PCS radicals formed at
260 °C after storage during 3 to 180 min (difference spectrum).
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mers. The stabilization can be due to UE delocaliza�
tion through the vacant 3d�orbital of the silicon atom
(pπ—dπ�interaction) to the system of the polyconjugated
π�electrons in the polymer chain.1—9 A loss in transpar�
ency and darkening of PCS to a dark brown color upon
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heating above 230 °C also indicate the formation of the
polyconjugation system.

Summing up, the study of the thermochemical trans�
formations of PCS —[Me2SiC≡C)4Me2SiCH=CH]n—
(n > 2) during heating showed that the radicals in the
polymer are formed at temperatures ≥230 °C. It follows
from the ESR spectra that the double doublet, which
appears at temperatures ≥240 °C, can be due to the UE
interacting with protons in the trans�position of the Et
groups in the polymer chain. The singlet line occurring in
the ESR spectrum at 240 °C can be a sum of the unre�
solved lines of the spectrum of UE interacting with pro�
tons of the Et groups and electrons interacting with pro�
tons of the Me groups at the silicon atoms.

Experimental

The initial PCS was synthesized according to a procedure de�
scribed elswhere.10 The melting point of the polymer was 135 °C.

ESR spectra were recored in the Х�range on an SE/Х 2540
radiospectrometer (Radiopan, Poland) with a Radiopan
UTS�211 temperature attachment that controlled the sample
temperature with an accuracy of ±5 °C. The ESR spectra were
recorded and processed with the WIN�EPR program (Bruker,
Germany).

The concentration of PMC was estimated according to a
standard procedure: the single crystal of CuCl2•2H2O was used
as the side standard; the sample with Mn2+ ions in MgO
(VNIIFTRI standard) served as the standard for determination
of the PMC concentration.

The PCS sample (0.008—0.016 g) was placed in a quartz
ampule with an inner diameter of 2 mm. Before the experimen�
tal run, argon was passed through a capillary inserted in the
ampule for 10 min. Then the ampule was heated from 30 to
260 °C in an Ar flow in the resonator of the ESR spectrometer
with a stepwise temperature increase. The ESR spectra were
recorded at 30, 100, 150, 200, 230, 240, 250, and 260 °C.

The authors are grateful to I. Ya. Petrov for fruitful
duscussion.

References

1. L. K. Luneva, A. M. Sladkov, and V. V. Korshak, Vysokomol.
Soedin., Ser. A, 1967, 9, 910 [Polym. Sci. USSR, Ser. A, 1967,
9, 910 (Engl. Transl.)].

2. A. M. Sladkov, Polisopryazhennye polimery [Polyconjugated
Polymers], Nauka, Moscow, 1989, 128, 146 (in Russian).

3. J. E. Wertz and J. R. Bolton, Electron Spin Resonance, El�
ementary Theory and Practical Applications, McGraw Hill
Book Company, New York, 1972.

4. N. I. Baklanova, V. H. Kulyukin, I. A. Vorsina, N. Z.
Lyakhov, L. V. Zhilitskaya, O. G. Yarosh, and M. G.
Voronkov, Vysokomol. Soedin., Ser. A, 2001, 43, 722 [Russ.
Polym. Sci., Ser. A, 2001, 43, 722 (Engl. Transl.)].

5. A. Yu. Osadchev, A. I. Grigor´ev, N. A. Andreeva, V. V.
Shamanin, and S. S. Skorokhodov, Vysokomol. Soedin., Ser.
A, 1999, 41, 71 [Russ. Polym. Sci., Ser. A, 1999, 41, 71 (Engl.
Transl.)].

6. H. Bock, J. Mturet, J. W. Bats, and Z. Havlas, Z. Natur�
forsch., 1998, 128, 145.

7. B. G. Ramsey, Electronic Transition in Organometalloids,
Acad. Press, New York—London, 1969, 75.

8. P. K. Bischof, M. J. S. Dewar, D. W. Goodman, and T. B.
Jones, J. Organomet. Chem., 1974, 82, 89.

9. A. N. Egorochkin and M. G. Voronkov, Elektronnoe stroenie
soedinenii kremniya, germaniya, olova [Electron Structure of
the Silicon, Germanium, and Tin Compounds], Izd�vo SO
RAN, Novosibirsk, 2001, 615 pp. (in Russian).

10. O. G. Yarosh, G. Yu. Turkina, V. Yu. Vitkovskii, A. I.
Albanov, and M. G. Voronkov, Zh. Obshch. Khim., 1988, 58,
494 [Russ. J. Gen. Chem. USSR, 1988, 58, 494 (Engl.
Transl.)].

Received December 18, 2001;
in revised form Novermber 22, 2002


