1084

Photodegradation of Polysilane Polymers by
Nonresonant Two-Photon Excitation

Takashi Miyazawd, Titao Saek# Chengyou Liuf and
Mitsuo Kira**#

Photodynamics Research Center, The Institute
of Physical and Chemical Research (RIKEN)
19-1399, Koeji, Aoba-ku, Sendai, 980, Japan

Department of Chemistry, Graduate School of Science
Tohoku Uniersity, Aoba-ku, Sendai 980-77, Japan

Receied September 8, 1997
Linear polysilanes with effective-conjugation are known to

have distinct low-lying two-photon allowed excited state%A
states), resemblingz-conjugated linear polyenes. During the
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Figure 1. Time course oM, of PDHS during irradiation with 532 nm
laser pulses (100 mJ/pulse, 10 Hz).

harmonic of a Nd:YAG laser, pulse duratier6 ns, 100 mJ/
pulse, 10 HAinduced facile photodegradation as shown in Figure
1. The averaged molecular weights decreased rapidly with
increasing irradiation time but the degradation rate strikingly
slowed atM,, = ca. 2500 and converged to ca. 2000 after 45 min
of irradiation (My/M,, = 1.32). The final products were assigned

course of our studies of selective photoreactions induced by 55 3 mixture of oligo(dihexylsilylene)s with ca. 10 silicon atoms

nonresonant two-photon (NRTP) excitatibwe have discovered

on the basis of the U¥vis, IR, andH, 13C, and?°Si NMR

that photodegradation mode of a linear peralkylpolysilane polymer ghectra, while the terminal substituents could not be determined

via the NRTP excitation is quite different from that through the
conventional single-photon (SP) excitation. Photoreactions of
polysilanes using SP excitation have been extensively stddied.
Typically, exhaustive SP irradiation of poly(dihexylsilylene)
(PDHS) with 254 nm (CW) or 248 nm (pulsed) light in the
presence of triethylsilane gives silylene-trapping products Et
SiSiIRH (R = hexyl) and the homolytic cleavage products
H(SiRy)H (n = 2, 3) 3 fwhile the final length of the silicon chain
depends on the wavelength of the light uéeth contrast, the
NRTP excitation of PDHS induces selective formation of medium-
chain oligosilanes containing ca. 10 silicon atoms irrespective of
the irradiation wavelength, probably due to the size effect of the
optical nonlinearity or the two-photon absorption coefficieft.
Irradiation of a hexane solution of PDHS (2.0 g/M,
366 000,M,/M,, = 1.23Y using 532 nm laser pulses (the second
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spectroscopicallj? The absorption maximum at room temper-
ature is found at around 290 nm, which is very close to that of
perhexyldecasilan®. The NRTP irradiation of PDHS in the
presence of excess triethylsilane or ethanol with 532 nm laser
pulses have failed to trap silylenes, i.e., no silylene extrusion
occurs during the NRTP irradiation.

The photodegradation rates were determined by monitdfing
as a function of the irradiation timé)( If we assume no cross-
linking occurs during the photodegradation of PDHS, the time-
dependence d¥l, is represented by eq 1, whevg? is the initial
number-averaged molecular weight akg, is an apparent rate
constant, which depends on the two-photon absorption efficiency,
the quantum efficiency for the scission, and the laser intensity.
As expected, a good linear relationship was obtained between
1/M, and t, when the irradiation wavelength and power were both
constant?
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The two-photon nature of the photodegradation of PDHS using
532 nm pulsed laser was evidenced by the following experi-
ments: (1) the power and the wavelength dependence of the
photodegradation rates of PDHS and (2) a photoreaction of PDHS
with CW 514 nm from AF laser. As expected, the apparent rate

(7) Poly(dihexylsilylene) was prepared using a modified Wurtz coupling
of dichlorodihexylsilane with sodium metal in dry octaii€Molecular weight
distribution was determined relative to polystyrene standards using a JAI model
LC908 GPC instrument with a series of a JAIGEL AC-80M and a Shodex
AC-804 columns.

(8) There is no SP absorption band of PDHS at around 532 nm, while the
two-photon absorption maximum appears at around 260 nm at room
temperature in solutioh.

(9) (@) Uv—vis, IR, and NMR spectra as well as the GPC profile of the
product mixture are given in the Supporting Information. (b) The following
absorption maximae(in parentheses) were observed for some perhexyl-
oligosilanes: 290 nm (50 000) and 281 nm (41 000) fapHBdX, and Si-
Hexs, respectively (Obata, K.; Kira, M. To be published). The yield of an
isolated mixture of oligosilanes was estimated as 30% by assuming the apparent
€ is the same as that for ;@Hex,.

(10) A similar equation is derived to the weight-averaged molecular weight
My: 1My, = 1My0 + Kappt. 22 Thekapdkaps Value observed in our experiments
was ca. 1.5, which gave no meaningful value for the cross-linking quantum
yield. No serious cross-linking has been found for SP degradation of poly-
(di-n-alkylsilylene)s in solutior

(11) (a) Kilb, R. W.J. Phys. Cheml1959 63, 1838. (b) Wilson, C. G. In
Introduction to MicrolithographyWilson, C. G., Bowden, M. J., Eds.; ACS
Symposium Series 219; American Chemical Society: Washington, DC, 1983;
Chapter 3 and references therein.
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laser pulses (100 mJ/pulse, 10 Hz), even though the integrated
intensity for the former irradiation was identical with the laftér.
The results indicate that the photodegradation induced by the laser
pulses is caused by neither heat-up of the sample nor a very weak
linear singlet-triplet absorption.

Several aspects merit specific comment. The observed two-
photon nature of the photodegradation of polysilanes does not
mean that the excited state responsible for the photoreactions is
the two-photon excited state. In reality, the lowest singlet state
(!B state) reached via the facile internal conversion from the two-

Figure 2. Square dependence of the apparent rate constants of thephoton state would be responsible for the photodegradation of a

photodegradation of PDHS in hexane on the incident laser intensity (532
nm).
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Figure 3. Plots of (a) apparent rate constants of photodegradation of

PDHS in hexane and (b) relative fluorescence intensity of PDHS
monitored at 350 nm, against a half of the incident laser wavelengths.
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constantk,p, of PDHS in hexane increased in proportion to the

polysilane because the photochemical behavior via the NRTP
excitation is closely related to that via the SP excitation. The
fact that the NRTP degradation of PDHS does not give the
corresponding silylene is compatible with the proposed ¥iew
that only excitation of the shorter chromophores in the polymer
chain up to perhaps Sbr so causes silylene extrusion, while
excitation of the longer ones does not.

The nature of the two-photon excited states of short-to-medium-
chain oligosilanes has recently attracted much attention both
experimentally and theoretically, in relation to the confinement
of the excited states or the size effect of optical properties of
one-dimensional electronic systehfs> Using electroabsorption
spectroscopy, the two-photon absorption band of linegV®h,
has been found at around 5.32 &Which is 1.15 eV higher in
energy than that of PDHSand corresponds to the two-photon
absorption maximum of 233 nm, with much lower signal intensity
than that for PDHS. The magnitude of the third-order nonlinear
optical susceptibilityy®, whose imaginary part is proportional
to the two-photon absorption coefficient, has also been shown
by calculations using Sandorfy-C-PPP model to depend remark-
ably on the chain length. The inertness of the medium-chain
oligosilanes upon the NRTP irradiation is not explained by the
transparency of the oligosilanes at 532 nm, because the degrada-
tion profile of PDHS using 470-nm laser pulses was mostly the
same as that shown in Figure 1. The major reason for the
inertness of the medium-chain oligosilanes upon the NRTP

square of the laser intensity at 532 nm as shown in Figure 2. Theirradiation can be ascribed to the substantial difference of the

dependence oky,p On the excitation wavelengthsle) was

exciton nature between the oligosilanes and polysilanes, i.e., a

investigated between 460 and 640 nm (10 mJ/pulse, pulse duratiorvery low two-photon absorption coefficient of the oligosilanes

~3 ns, 10 Hz)}?2 The action spectrum showed a maximum at compared with the long-chain oligosilanes or polysilane segments
around ey = 520 nm as shown in Figure 3a, being good in having at least 1820 silicon chain lengths as suggested by the
agreement with the two-photon absorption spectrum (Figure 3b) segment model of the polysilane chromophtré. _
obtained by the two-photon fluorescence (TPF) method, where In conclusion, the NRTP excitation of poly(dihexylsilylene)
the S — S fluorescence intensity at 350 nm showed the induces facile photodegradation to yield medium-chain oligosi-
maximum at the same wavelength of the incident laser light. The lanes containing ca. 10 silicon atoms, being indicative of
ratio of the NRTP photodegradation rates of PDHS excited by substantial difference of the two-photon excited-state nature

circularly and linearly polarized light$(l,) in a room-temperature
solution was found to be 0.86& 0.15, which is good in accord
with that observed for the NRTP absorption intensity using the
TPF method? indicating that the ground-state and the excited-

state wave functions have the same symmetry in the point group.

When a hexane solution of PDHS was irradiated with CW 514
nm light (1 W) from Ar' laser, the photodegradation rate was

between the medium-chain oligosilanes and long-chain polysi-
lanes.

Supporting Information Available: UV—uvis, IR, and various NMR
spectra and GPC charts of the NRTP photodegradation products of poly-
(dihexylsilylene) (5 pages). See any current masthead page for ordering
information and Internet access instructions.
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