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The synthesis of poly(methylphenylsilane) functionalized with pendant p-nitroazobenzene groups (PMPS-azo) has
been carried out, and their photophysical and photochemical processes have been studied. The fluorescence quantum
yields of PMPS-azo decrease with an increase of the amounts of the pendant p-nitroazobenzene groups. The picosecond
fluorescence decay kinetics of PMPS-azo was interpreted in terms of not only the energy transfer, but also the electron
transfer from the Si—Si main chain to the pendant p-nitroazobenzene group. The evidence for intramolecular electron
transfer was provided by the formation of the radical anion of the pendant trans- p-nitroazobenzene group upon steady-
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state photolysis of PMPS-azo at 77 K.

Polysilanes have attracted considerable interest due to their
potential applications as nonlinear optical materials,' optical
switches,* and photorefractive materials.”® Because of the
delocalization of the o-electrons in the Si—Si main chain, poly-
silanes show unique photoelectric and photochemical proper-
ties.> 14

Recently, much attention has been focused on the introduc-
tion of functional groups into the side chain of polysilanes in
order to provide a broader range of properties.”®1>2% When
chromophores are introduced as a pendant group to the polysi-
lane backbones, they influence the electric properties, as well
as the photochemical and photophysical behavior. The photo-
conductivity and electro-optical effects of poly(methylphenyl-
silane) with the pendant Disperse-Red 1 chromophore have
been studied.”® These polysilanes have been recognized as
good candidates for photorefractive and third-order nonlinear
optical materials. Amphiphilic polysilane bearing chiral pen-
dant ammonia groups'>!¢ and polysilane with phenol groups!”
have been investigated for highly oriented Langmuir-Blodgett
films. Kminek and co-workers'® have reported the synthesis
and photochemical properties of poly(methylphenylsilane)
modified by the attachment of 7r-conjugated chromophores.
They found that these 7T-conjugated substituents in poly-
(methylphenylsilane) could significantly increase the photo-
stability of the polysilane even at relatively low degrees of
substitution. This stability was ascribed to the excitation en-
ergy transfer from the excited polysilane singlet states to the
chromophoric groups. Nesptirek and co-workers'® have also
prepared poly(methylphenylsilane) modified by the 7-conju-
gated side groups and shown that the introduction of the pen-
dant group generated photoluminescence in the visible region.
Tachibana and co-workers®® synthesized helical polysilanes
bearing Rhodamine B and demonstrated that the energy trans-
fer to the luminescence center by the transport of photogener-
ated free excitons on the Si—Si backbones was realized. It is of
interest, therefore, to prepare polysilanes with pendant chro-

mophores and to investigate their photophysical and photoche-
mical processes as a basis for application.

We investigated the functionalized polysilanes with pendant
p-nitroazobenzene groups. From the point of view of molecu-
lar design, the functionalized polysilanes would contain the ne-
cessary elements for photorefractive materials with a sensitizer
(charge generator), photoconductor (charge transport agent),
and a nonlinear optical dye for the modulation of the refractive
index.??> This is a novel photorefractive polymer with a Si—
Si main chain suitable as photoconductor and a pendant p-ni-
troazobenzene group as the nonlinear optical chromophore. So
far, only hole transport in polysilanes has been reported,”
while electron transport has become important as a charge gen-
erator for photorefractive materials.>* An azobenzene with an
electron acceptor, such as a p-nitro group linked to the side
chain of the polysilanes, would be expected to induce the effi-
cient intramolecular electron transport in these polysilanes.

In this paper, we report on the photophysical and photoche-
mical processes of poly(methylphenylsilane) functionalized by
p-nitroazobenzene groups (PMPS-azo) with various degrees of
substitution. We expected that the pendant p-nitroazobenzene
groups would interact with the o-electrons in the Si—Si main
chain. The photophysical processes have been investigated
by the fluorescence spectra and picosecond fluorescence life-
time measurements in solution. In order to obtain the evidence
for electron transfer, steady-state photolysis was carried out in
2-methyltetrahydrofuran at 77 K by the irradiation with 266
nm light.

Experimental

Materials. Tetrabutylammonium bromide (98.0%), chloro-
methyl methyl ether (80.0%), tin(IV) chloride (anhydrous,
97.0%), and chloroform (dehydration 99.0%, water <0.003%)
were purchased from Wako Pure Chemical Industries Ltd. Tetra-
hydrofuran (THF, dehydrated, 99.5%, water <0.005%) was sup-
plied from Kanto Chemical Co. Inc. THF (analytical grade, with-
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out stabilizer), cyclohexane (analytical grade), and CDCl3 (99.7%,
without TMS), provided by Wako Pure Chemical Industries
Ltd., were used as received for spectroscopic measurements.
Poly(methylphenylsilane) (PMPS), obtained from Gelest Inc.,
was reprecipitated three times by pouring its THF solution into
an excess of methanol before use. 2-Methyltetrahydrofuran
(MTHEF, anhydrous, 99%, inhibited with 250 ppm butylated hy-
droxytoluene), supplied by Sigma-Aldrich Fine Chemicals, was
distilled to remove the inhibitor according to the literature.?

Synthesis. 4-Hydroxy-4’-nitroazobenzene and 4-methoxy-4’-
nitroazobenzene were prepared and purified by column chromato-
graphy with silica gel using acetone-petroleum ether as eluant fol-
lowed by recrystallization from acetone.?®?’

The synthetic route of PMPS-azo is shown in Scheme 1.

Chloromethylated PMPS (CPMPS). PMPS was chloro-
methylated using chloromethyl methyl ether and the mild Lewis
acid, tin(IV) chloride, as a catalyst. The chloromethylated PMPS,
with various degrees of substitution, was obtained by controlling
the reaction time and the ratio of chloromethyl methyl ether and
tin(IV) chloride.23-3!

PMPS Functionalized with p-Nitroazobenzene groups
(PMPS-azo). PMPS-azo was prepared by condensation of
CPMPS with potassium salt of 4-hydroxy-4’-nitroazobenzene.
This reaction is similar to the chromophore-functionalization of
polystyrenes.?>33 The chloromethyl groups of the polysilane were
completely substituted by the p-nitroazobenzene groups. For ex-
ample, PMPS-az00.15 was prepared as follows, where 0.15 repre-
sents the mole fraction of the pendant p-nitroazobenzene groups
in PMPS-azo. In a three-necked flask equipped with a condenser,
magnetic stirrer, and argon inlet, 4-hydroxy-4'-nitroazobenzene
(0.50 g) and 0.11 g of KOH were dissolved in a 20 mL of dehy-
drated THF. The solution was refluxed for 48 h. After cooling to
room temperature, the 30 mL of THF solution of CPMPSO0.15
(where 0.15 represents the mole fraction of chloromethyl units
in CPMPS) (0.80 g) and tetrabutylammonium bromide (0.02 g)
was slowly dropped into the flask from a funnel under argon
atmosphere. The solution was stirred for 48 h at room tempera-
ture, and then refluxed for 48 h at 65 °C. The solution was con-
centrated and 100 mL of methanol was added. The brown red de-
posit was collected, washed with water, and successively extracted
in a Soxhlet’s extractor with methanol for 4 days, until the liquid
was colorless. Then the solid was dissolved in THF and precipi-
tated with methanol repeatedly. The product was dried under va-
cuum (Yield 54%).
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Scheme 1. Synthetic route of PMPS-azo.
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Measurements. FT-IR spectra were recorded on a JASCO
8000 FT-IR spectrophotometer (KBr pieces); 'HNMR spectra
were determined using a JEOL «-500 FT-NMR spectrometer at
500 MHz. The chemical shifts were referenced to the residual sol-
vent peak of CDCIl3 (§ = 7.24 ppm). The number average mole-
cular weights (M,) and polydispersity (M,,/M,) were determined
by the gel permeation chromatography (Tosoh HLC-8120GPC)
using a column (Tosoh TSK gel «-M). Measurements were car-
ried out using a UV detector at room temperature with a flow rate
of 0.6 mL/min. The column was calibrated using polystyrene
standards in THF.

Absorption spectra were recorded on a HITACHI U3300
spectrophotometer. Fluorescence emission and excitation spectra
were determined by a HITACHI F4500 fluorescence spectro-
photometer. The fluorescence quantum yields ($r) were mea-
sured by comparison with the fluorescence intensity of 2-naphthol
(®; = 0.32 in cyclohexane®*) as a reference.

The fluorescence decays were measured by a picosecond laser
system of which instrumental response function is about 20-25 ps
(FWHM). The apparatus was based on a mode-locked Ti:Sap-
phire laser (Spectra Physics, Tsunami; 800 nm, FWHM ~70 fs,
at 82 MHz), and pumped by a CW green laser (Spectra Physics
Millennia V, 532 nm, 4.5 W). The repetition rate was adjusted
to 4 MHz by using a pulse-picker (Spectra Physics, Model
3980), and the third harmonic (266 nm, FWHM ~250 fs) was
used as the excitation source. The monitoring system consisted
of a microchannel-plate (MCP) and photomultiplier tube (Hama-
matsu R3809U-51) cooled to —20 °C, and a single-photon count-
ing module (Becker and Hickl SPC-530). The fluorescence
photon signal detected by the MCP detector and the photon signal
of the second harmonic (400 nm) of the Ti:Sapphire laser were
used for the start and stop pulses of the time-to-amplitude conver-
ter (TAC). The absorbance of the sample solution was adjusted to
be 0.10 at the excitation wavelength.

Steady-state photolysis was carried out using the 266 nm light
output of an Nd**:YAG laser (Quanta-Ray GCR-130, Spectra
Physics, 5 mJ/pulse). The sample solution in a cell of 1 mm
was fully bubbled with argon and frozen by liquid nitrogen just
before use.

Results and Discussion

Characterization of PMPS-azo. The chemical structure
and the composition of resultant PMPS-azo were determined
by FT-IR and 'HNMR spectra.

Figure 1 shows FT-IR spectra of PMPS (a), CPMPSO0.15 (b),
and PMPS-az00.15 (c). The band due to the C—Cl stretching
vibration is observed at 610 cm~! only for CPMPSO.15.
The IR spectrum of PMPS-azo0.15 shows new absorption
bands at 1520 and 1345 cm™! (indicated by the arrow), which
are not observed for CPMPS0.15. These bands are ascribed to
the asymmetrical and symmetrical stretching vibrations of
NO,; group. For the Si—-O-Si and Si—OH stretching vibrations,
broad IR signals are expected to be observed around 1100 and
900 cm™ !, respectively.35 No such broad band, however, was
detected, indicating that the Si—~O-Si and Si—~OH groups do not
exist in these polysilanes.

Figure 2 shows 'HNMR spectra of CPMPS0.15 (a) and
PMPS-azo00.15 (b). It is recognized that the chloromethyl
group (8 = 4.46 ppm, 2H) disappears in PMPS-azo00.15, and
the CH,O group (8 = 4.88 ppm, 2H) and phenyl hydrogen
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Fig. 1. FT-IR spectra of PMPS (a), CPMPS0.15 (b), and

PMPS-azo0.15 (c).
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Fig. 2. 'HNMR spectra of CPMPS0.15 (a) and PMPS-
az00.15 (b).

of p-nitroazobenzene (§ = 8.35 ppm, 2H adjacent to NO,
group; § = 7.84 ppm, 4H adjacent to -N=N- group) are ob-
served, indicating that the chloromethyl groups were comple-
tely substituted by the p-nitroazobenzene groups. Terunuma'®
and Jones®! reported that the chloromethylation took place at
the para-position on the phenyl rings due to steric hindrance.

Bull. Chem. Soc. Jpn., 76, No. 5 (2003) 963

Table 1. Properties of PMPS and PMPS-azo

Sample fa? M, M, /M, No. of units®

PMPS 0 11300 + 1500  2.35 94+ 12
PMPS-az00.01 0.01 104004+ 1100  2.06 85+9
PMPS-az00.07 0.07 16300 4+ 1300  1.80 118+9
PMPS-azo0.15 0.15 11100 &+ 1400  1.81 70+£9
PMPS-az00.32 0.32 15700 +1100  1.65 77+5

a) fa: the mole fraction of the pendant p-nitroazobenzene
groups in PMPS-azo. b) No. of units was calculated from M,,.

According to their discussion, the resultant pendant p-nitroa-
zobenzene group is believed to bond at the para-position of
the phenyl rings of PMPS. The mole fraction (f4) of pendant
p-nitroazobenzene groups in PMPS-azo was determined by the
integration of the signals of CH,O (§ =4.88) and CHj
(8 = —1.2 to 0.4) in the '"HNMR spectra. These results are
summarized in Table 1.

The molecular weight of PMPS-azo was determined by
GPC using polystyrene as a standard. Table 1 also shows
the number average molecular weight (M, ) and polydispersity
(My/M,). The no. of units (the number average degree of
polymerization) was calculated from M, to be 94 and 70—
118 for PMPS and PMPS-azo, as shown in Table 1. The va-
lues for PMPS, PMPS-az00.01 and PMPS-az00.07 are close to
each other, while those for PMPS-az00.15 and PMPS-az00.32
slightly decrease. This indicates the Si—Si main chain was not
degraded by the introduction of lower mole fraction of pendant
p-nitroazobenzene groups. With an increase in the mole frac-
tion of pendant p-nitroazobenzene groups, the Si—Si main
chain was slightly degraded.

UV-Vis Absorption Spectra. = The UV-vis absorption
spectra of PMPS and PMPS-azo with various mole fractions
in THF at room temperature are shown in Fig. 3a. The absorp-
tion band peaked at ca. 340 nm is attributed to the 60— tran-
sition of the Si—-Si main chain of PMPS-azo in the trans-
conformation.® The absorption band attributed to the pendant
trans- p-nitroazobenzene group is observed around 375 nm.
The molar extinction coefficient (Es;) of the Si—Si main chain
was estimated by subtracting of the absorbance of the pendant
p-nitroazobenzene group from the total absorbance at 340 nm,
and &,,, of the pendant trans- p-nitroazobenzene group at 375
nm was estimated, as shown in Table 2. The molar extinction
coefficient of trans-4-methoxy-4’-nitroazobenzene [MNAB] is
also shown in Table 2 as a reference. The small difference in
the molar extinction coefficients, both for the Si—Si main
chain, and for the pendant p-nitroazobenzene group is ascrib-
able to the weak electronic interaction between the Si—Si main
chain and the pendant p-nitroazobenzene group in the ground
state. From the integrated value of the molar extinction coef-
ficient over the absorption band we derived the value of the ra-
diative decay rate (1/Ts;) per Si unit.'* The radiative decay
rate of PMPS-azo, as shown in Table 2, is almost the same
as that of PMPS. Therefore, the length of the segment of
PMPS-azo (i.e., the number of Si atoms in each segment) is
not changed by the introduction of the p-nitroazobenzene
group. Also, the absorption spectra of these polysilanes in
MTHF at 77 K are shown in Fig. 3b. There is a slight blue
shift of the absorption maximum of the Si—Si main chain at
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Fig. 3. The absorption spectra of PMPS and PMPS-azo in
THF at room temperature (a) and in MTHF at 77 K (b).

77 K compared with that at room temperature. However, the
absorption band due to pendant trans-p-nitroazobenzene
groups shows a red shift by 10 nm. Therefore, the overlap be-
tween the absorption bands of the Si—Si main chain and the
pendant p-nitroazobenzene group is smaller at 77 K than it
is at room temperature.

Steady-State Fluorescence Quenching. Figure 4a shows
the fluorescence emission spectra observed upon 328 nm exci-
tation of PMPS and PMPS-azo in THF at room temperature.
The absorbance at the excitation wavelength of all samples
was set to 0.1. The fluorescence bands peaked at 355 nm
are due to the 0—o™ transition of the Si-Si main chain. The
emission due to the pendant p-nitroazobenzene group was
not observed as usual.>’ The fluorescence excitation spectrum
monitored at 355 nm is similar to the corresponding absorption
spectrum except for a small red shift. Figure 4b shows the
fluorescence emission spectra observed upon 328 nm excita-
tion of PMPS and PMPS-azo in MTHF at 77 K. The fluores-
cence emission maximum at 77 K was blue-shifted by 7 nm
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Fig. 4. The fluorescence emission spectra observed upon
328 nm excitation of PMPS and PMPS-azo in THF at
room temperature (a) and in MTHF at 77 K (b). The ab-
sorbance at excitation wavelength of all samples was set to
0.1.

compared with that at room temperature. The spectral resem-
blance in the emission between the Si—Si main chain of PMPS-
azo and PMPS indicates that a complex such as an exciplex be-
tween the Si—Si main chain and the pendant p-nitroazobenzene
group was not formed even in the excited state.

The fluorescence quantum yields (&r) were determined by
Eq. 1 using 2-naphthol as a reference (&f = 0.32 in cy-
clohexane):

((pf)sam/(¢f)ref = [(IEM)sam/(IEM)ref](Aref/Asam)

X [(IEX)ref/(IEX)sam](nsam/”ref)2

(D

where subscripts ““sam” and “‘ref”” denote the sample and re-
ference, respectively. Igy is the integrated emission intensity.
A, Igx, and n are absorbance at the excitation wavelength (328
nm), intensity of excitation light, and refractive index of sol-

Table 2. Photophysical Parameters for PMPS and PMPS-azo

8Sia) gazob) l/fSiC) d) Tr1 K 1/Tradﬂ . )

Sample mol!em™ 'L mol!'em 'L 10°s7! Pt 10°s 10%s7! Tsi/ Trad
PMPS 8100 — 0.11 0.15 £ 0.01 0.084 1.79 16
PMPS-az00.01 8150 31000 0.11 0.055 +£0.010 — — —
PMPS-az00.07 8790 31000 0.13 0.008 + 0.002 — — —
PMPS-azo0.15 7900 24000 0.12 0.006 + 0.002 — — —
PMPS-az00.32 8500 25000 0.13 ~O — — —
MNAB? — 29000 — — — — —

a) Es;: the molar extinction coefficient of the Si—Si main chain (error within 2%). b) £,,,: the molar extinction
coefficient of the pendant p-nitroazobenzene group (error within 5%). c) 1/7s;: the radiative decay rate per Si
unit. d) @¢: the fluorescence quantum yield. e) 7¢: the fluorescence lifetime. f) 1/T;q: the radiative emission
rate (@r/Tp). g) Tsi/Traa: the number of excitated Si atoms. h) The fluorescence is too weak to measure
accurately. i) MNAB: trans-4-methoxy-4’-nitroazobenzene.
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Table 3. Fluorescence Quenching Efficiency and Other
Parameters for PMPS-azo

Sample XY Ngi® ng;®
PMPS-az00.01 0.63 63 4
PMPS-az00.07 0.95 14 <1
PMPS-azo00.15 0.96 6 <1

a) x: the fluorescence quenching efficiency. b) Ng;: the num-
ber of Si atoms quenched by each pendant p-nitroazobenzene
group. c) ng;: the number of segments of polysilane quenched
by each pendant p-nitroazobenzene group.

vents averaged around the radiation wavelength, respectively.
The results are shown in Table 2. The &; value of 0.15 deter-
mined for PMPS is comparable with the reported values (0.08—
0.3),'* which varies with the molecular weight and excitation
wavelength. In these polysilanes, ®@; decreases with an in-
crease of the mole fraction ( f5) of pendant p-nitroazobenzene
groups; the fluorescence of the Si—Si main chain is quenched
by the pendant p-nitroazobenzene group. At fy = 0.32, &y
is almost zero.

The radiative emission rate (1/7.,q) of PMPS was calculated
from the ratio of the fluorescence quantum yield (®y) and the
fluorescence lifetime 7y (as will be seen in the following
section). The ratio Ts;j/Trq 1S a measure of the number of si-
licon atoms over which the excitation is delocalized.'* The
calculated result, as shown in Table 2, indicates the excited
segment of PMPS consists of about 16 Si atoms, being in good
agreement with the reported number of Si atoms (10-30) for
each excited segment.'**® From the above discussion, there-
fore, the number of Si atoms in each excited segment of
PMPS-azo is considered to be the same as that of PMPS (16
Si atoms). Since the average number of units of PMPS is
about 94 (shown in Table 1), the average number of segments
is estimated to be 6.

The quenching efficiency ) was calculated from the fluores-
cence quantum yield as follows,

X = 1 = [(Pt)pmps-azo/ (Pt)pmps] 2

Table 3 shows values of x for PMPS-azo in THF at room
temperature. The number of Si atoms quenched by each pen-
dant p-nitroazobenzene group, Ng;, was determined using the
following equation:

Nsi = X/ fa (3)

This type of equation was introduced by Holden et al.?® to ana-
lyze the steady-state fluorescence quenching of the naphtha-
lene chromophore by the ketone group in 2-vinylnaphtha-
lene-phenyl vinyl ketone copolymers. The values of Ng;, as
shown in Table 3, decrease with an increase of fs. Therefore,
the number of segments quenched by each pendant p-nitroazo-
benzene group (ng;) was given by Ng;/16 =4 for PMPS-
azo0.01. The apparent value of ng; < 1 was obtained for
others, as shown in Table 3.

If the dynamic quenching mechanism is responsible for the
fluorescence quenching of the Si—Si main chain by the pendant
p-nitroazobenzene group, the following equation should be sa-
tisfied:

(It)pmps/(Te)pmps-azo = 1 + Trikq fa 4
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Fig. 5. The Stern-Volmer plots for the fluorescence
quenching of the Si—Si main chain by the pendant p-ni-
troazobenzene group in PMPS-azo in THF at room tem-
perature (open circle) and in MTHF at 77 K (full square).

where Ty and kg are the excited-state lifetime of PMPS and the
quenching rate constant, respectively. Thus the Stern-Volmer
plots [(/e)pmps/(Ur)pmps-azo VS fal are expected to give a
straight line. However, the plots at room temperature shown
in Fig. 5 (open circle) are curved, which indicates that static
quenching occurs in the PMPS-azo system. The Stern—Volmer
plots at 77 K also give a curve as shown in Fig. 5 (full square).
This is evidence for static fluorescence quenching. By com-
paring these Stern-Volmer plots in Fig. 5, it is clear that the
fluorescence of the Si-Si main chain is more efficiently
quenched at room temperature than it is at 77 K.

This type of intramolecular quenching is attributable to the
following processes: (1) energy transfer, (2) electron transfer,
and (3) exciplex formation.*® Among them, exciplex forma-
tion upon excitation of PMPS-azo, however, was not observed
by nanosecond laser photolysis in THF at room temperature.
Forster type energy transfer from the Si—Si main chain to the
pendant p-nitroazobenzene group is considered to be possible
in this system. The spectral overlap between the donor fluores-
cence and the acceptor absorption is necessary for the energy
transfer. In our case, as shown in Fig. 6, the overlap between
the emission (maximum at 355 nm) of the Si—Si main chain
and the absorption (maximum at 375 nm) of the pendant p-ni-
troazobenzene group at room temperature is larger than it is at
77 K, where the maxima of the emission and absorption are
348 nm and 385 nm, respectively. This difference in spectral
overlap may explain the difference in the quenching efficiency
and deviations from the straight line shown in Fig. 5. Thus,
the fluorescence quenching seems to be due to the Forster type
energy transfer. It is noted that the shoulder at 365 nm ob-
served in the fluorescence spectrum at room temperature in
Fig. 6a is due to Raman scattering.

Fluorescence Decay Kinetics. Figure 7 illustrates the fluo-
rescence decays of PMPS and PMPS-az00.07 observed at 355
nm upon 266 nm laser pulse excitation in THF at room
temperature. The decay curve Ig(f) of PMPS was analyzed
by a single exponential function with the fluorescence decay
lifetime (7 ) of 84 ps,

Ir(t) = By exp (—t/Ts1) )
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Fig. 7. Fluorescence decays of PMPS and PMPS-azo0.07
observed at 355 nm upon 266 nm laser pulse excitation
in THF at room temperature. PMPS, curve 1; PMPS-
az00.07, 2; Laser pulse, 3.

where B; is a preexponential factor. The decay of PMPS-
az00.07, however, cannot be analyzed by a single exponential
function but by the following double exponential function,

Ir(t) = By exp (—t/Tf) + By exp (—t/Tp) (6)

where B and B, are preexponential factors, and 7y and Ty, are
lifetimes for the long and short lifetime components,
respectively. The analytical results are shown in Table 4.
The value of 7y is kept constant (~83 ps), but the relative
emission intensity due to the long lifetime component (RI;)
gradually decreases with an increase of f,, while the value
of Ty, decreases with an increase of fa and the relative emis-
sion intensity due to the short lifetime component (RI)
increases. Shortening in lifetime clearly indicates that the
fluorescence of the Si—Si main chain of PMPS-azo is quenched
by the pendant p-nitroazobenzene group.

Figure 8a shows the fluorescence response functions deter-
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Table 4. Analytical Results of Fluorescence Decays of
PMPS and PMPS-azo

Sample Tu/ps? B® RI/%® Tp/ps® B,» RI/%°

PMPS 84 0.179 100 — — —
PMPS-az00.01 80 0.108 794 22 0.101 20.6
PMPS-az00.07 83 0.067 66.0 13 0.220 34.0
PMPS-azo0.15 85 0.057 60.8 10 0314 392

a) Tp, Tp: lifetime for the long and short fluorescence
component. b) By, B;: preexponential factor. c¢) RI;, Rl,: re-
lative emission intensity (%).
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Fig. 8. The fluorescence response functions of PMPS and
PMPS-azo (a) and —F(¢) versus '/ for PMPS-azo (b).

mined for PMPS and PMPS-azo. It is confirmed that the fol-
lowing function is not available for PMPS-azo from the point
of view of fluorescence decay,

Ln[/r(?)] = —t/Tp — kq fat + const. (7)

which is valid for Stern-Volmer kinetics.

We further studied whether the decay curves can be fitted by
one-step Forster type kinetics or not. In Forster’s formulation
of the dipole-dipole energy transfer between molecules distrib-
uted randomly in a rigid environment, we have

Lo[le(t)] = —t/Tq — 1127732 CAR* (t/T11)"/* + const.
3)
where Cy is the concentration of acceptor molecules, and Ry,

called the critical energy transfer distance, is a measure of the
strength of the dipole-dipole coupling.*® The term —F(¢), gi-
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ven by the following equation:
—F(t) = La[l¢()] — L[l ()]
= —1.127732CaRy* (1 ) T11) /%112 9)

is the deviation from the single exponential decay determined
in the absence of a quencher, [I:°(5)], due to the energy
transfer. Figure 8b shows —F(r) versus ¢'/? for PMPS-azo.
Because the plot results in curved lines, it is understood that
the fluorescence decay does not obey one-step Forster type ki-
netics.

It is expected that a closer distance between the Si—Si main
chain and the pendant p-nitroazobenzene group induces effi-
cient singlet energy transfer, so that the model ignoring such
proximity effects may show poor agreement with the experi-
mental data. Other effects, such as intramolecular electron
transfer and random distribution of the pendant p-nitroazoben-
zene group, may be responsible for the deviations between ex-
perimental and calculated results.

Wallraff et al. suggested that the fluorescence quenching of
PMPS by several small electron-deficient molecules was at-
tributed to intermolecular electron transfer.?® In their report,
the value of the free energy change of the photochemical elec-
tron transfer reaction (AG) was calculated by the Weller equa-
tion*! using the oxidation and reduction potentials of the donor
[poly(methylphenylsilane)] and the acceptor (4-hydroxy-4’-ni-
troazobenzene):

AG (kcal/mol) = 23.06[E) 2(0x) — Ej s (red)
— ey’ /&d — Eggl (10)

The oxidation potential [E}/>(0x)] of poly(methylphenylsi-
lane) was reported to be 1.0 V (SCE) in film** and the reduc-
tion potential [E} >(red)] of 4-hydroxy-4’-nitroazobenzene was
—0.65 V (SCE).# If the coulombic energy term (ey>/€d) is
neglected, the AG value of —46 kcal/mol can be roughly cal-
culated and the electron transfer is expected to be strongly
exothermic. However, precise estimation of AG is difficult
for the PMPS-azo system at the present stage, because precise
values of the oxidation potential and the coulombic energy are
not available for this system.

The radical anions of the pendant trans- p-nitroazobenzene
group (545 nm and 580 nm)** and the radical cations of
PMPS, %6 however, were not observed in transient absorption
on the nanosecond time scale in our study. It is possible that
the rate of forward and back electron transfer may be com-
pleted within a picosecond time scale at room temperature.

The Steady-state Photolysis at Low Temperature.
Figure 9 illustrates the absorption spectral change (a) and the
differential absorption spectra (b) of PMPS-azo0.32 before
and after irradiation with 266 nm light in MTHF at 77 K. Be-
fore irradiation, there are two absorption bands peaked at ca.
340 and 385 nm, which are attributed to the Si—Si main chain
and the pendant trans-p-nitroazobenzene group, respectively.
After UV-light irradiation, two new broad absorption bands
appeared around 545 and 580 nm. The absorbance of these
new bands increases with an increase of the irradiation time.
When the sample was warmed up to room temperature, these
new bands disappeared. Therefore, the absorption bands are
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Fig. 9. The absorption spectral change of PMPS-azo00.32
upon irradiation with 266 nm light in MTHF at 77 K
(a), and the differential absorption spectra before and after
irradiation (b).

ascribable to the photochemical reaction intermediate of
PMPS-azo. In a previous paper, we studied the steady-state
photolysis and 7-radiolysis of MNAB in MTHF at 77 K and
found that the radical anion produced shows two absorption
bands around 545 and 580 nm.** According to this result,
the photochemical reaction intermediate with absorption max-
ima at 545 and 580 nm can be assigned to the radical anion of
the pendant trans- p-nitroazobenzene group.

Two processes are considered to be responsible for the for-
mation of the radical anion of the pendant trans-p-nitroazo-
benzene group in PMPS-azo. The first is the electron transfer
from the Si—Si main chain to the pendant p-nitroazobenzene
group, because polysilanes are known to be good electron-
donors.*”*® The second process is direct excitation of the pen-
dant p-nitroazobenzene group.**

In order to confirm the intramolecular electron transfer,
quantitative analysis were carried out by the steady-state
photolysis of PMPS-az00.32 and MNAB in MTHF at 77 K,
by setting their absorbance for 0.5 at the excitation wavelength
(266 nm), as shown in Fig. 10a. The number of photons ab-
sorbed by the pendant p-nitroazobenzene group was estimated
to be ca. 50% of the total number of photons absorbed by
PMPS-az00.32 (Fig. 10a). Figure 10b shows the absorption
spectra of PMPS-az00.32 and MNAB at the irradiation time
of 12 min with 266 nm light in MTHF at 77 K. Figure 10c
shows the differential absorbance at 545 nm versus the irradia-
tion time. The absorbance of the radical anion formed from
PMPS-az00.32 is always greater than that from MNAB. If
only the pendant p-nitroazobenzene group is directly excited,
the absorbance of the radical anion formed from PMPS-
az00.32 should be half that from MNAB. However, this is
not the case. As a result, for the steady-state photolysis of
PMPS-az00.32 in MTHF at 77 K, the intramolecular electron
transfer from the Si—Si main chain to the pendant trans- p-ni-
troazobenzene group can be pointed out to be responsible for
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Fig. 10. The absorption spectra of PMPS-az00.32 (full line)
and MNAB (dotted line) in MTHF at 77 K before irradia-
tion, and the normalized absorption spectrum of MNAB
(broken line) (a); the absorption spectra of PMPS-
az00.32 (full line) and MNAB (dotted line) after irradia-
tion with 266 nm light at 12 min (b); and the differential
absorbance at 545 nm versus the irradiation time (c).
The absorbance at irradiation wavelength (266 nm) of
two samples was set for 0.5 before irradiation.

the formation of the radical anion, as illustrated in Scheme 2.

The photochemical processes of PMPS-az00.32 in MTHF at
77 K is described as follows: First, the Si—Si main chain is ex-
cited, and then decays radiatively (fluorescence) or non-radia-
tively via energy transfer and electron transfer. The latter
gives rise to the radical anion of the pendant frans- p-nitroazo-
benzene group. At the present stage, however, it is difficult to
determine the ratio in yield of energy transfer to electron trans-

fer from the Si—Si main chain to the pendant p-nitroazoben-
zene group.

Conclusions

PMPS-azo with various amounts of the pendant p-nitroazo-
benzene group were synthesized by chloromethylation of
PMPS, followed by condensation with potassium salt of 4-hy-
droxy-4’-nitroazobenzene. The characterization was made by
using FT-IR, 'HNMR, and GPC spectra.

By the steady-state absorption, fluorescence spectra, and
fluorescence lifetime, it was determined that each segment of
PMPS-azo consisted of about 16 Si atoms. The fluorescence
quantum yields of PMPS-azo decreased with an increase of
the mole fraction of the pendant p-nitroazobenzene groups.
The formation of the radical anion of trans- p-nitroazobenzene
upon the steady-state photolysis of PMPS-azo in MTHF at 77
K indicates that the intramolecular electron transfer takes
place. The fluorescence quenching is attributed to the electron
transfer and the energy transfer from the Si—Si main chain to
the pendant p-nitroazobenzene group.
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