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The influence of polar electron-acceptor chromophores (both admixed and covalently bonded to the 
polymer backbone) on photoelectrical properties of poly[methyl(phenyl)silylenel was studied. 
Whereas the charge canier mobility decreased for any concentration of the chromophore, the photo- 
generation efficiency increased for concentrations up to about 4 mole %. For higher concentrations, 
some decrease was observed. The decrease in mobility was ascribed to the electron-dipole interaction 
and to the broadening of the density-of-states distribution affecting the hopping transport. 

Keywords: photoconductivity; charge transport; electron-dipole interaction; polysilylenes 

INTRODUCTION 

Poly(sily1ene)s have been extensively studied as a new class of photoconduc- 
tors"-31 and charge-transporting  polymer^'^"' because of a high efficiency of 
charge photogeneration and charge carrier drift mobility of the order of lop8 
m2V-]s-', unusually high for polymeric materials. Of several poly(sily1ene)s 

* Dedicated to the memory of Professor Edgar Silinsh 
t Corresponding Author. 
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I92 STANlSLAV NESPGREK rt ul. 

studied to date, much information has been accumulated for poly[methyl(phe- 
nyl)silylene] (see Scheme I ) ,  herein referred to as PMPSi. 

PMPSi 

- R: 

- C H - N - N H g N O 2  PMPSi-DNPH 

R 
PMPSi-NNI 

Additives: oCH-N-NH-(=&NO:, BDNPH 

BNNl 

ocH-N%No2 
SCHEME I 

The charge carrier photogeneration in poly(sily1ene)s associated with excita- 
tion of the o-conjugated electron system of the polymer backbone is limited to 
the UV spectral range. These excitations are, among others, accompanied by 
gradual photodegradation of the polymer by the homolytic main-chain scis- 
sion.[61 The UV photodegradation can considerably be decreased by n-conju- 
gated substituents and dopants whose absorption overlaps the emission band of 
PMPSi.[71 At the same time, some of these substituents bonded to the phenyl 
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PHOTOGENERATION IN POLY(S1LYLENE)S 193 

group, such as (2,4-dinitrophenylhydrazono)methyl (DNPH) or [(4-nitro- 1 -naph- 
thy1)iminolmethyl (NNI), shift the spectral region of the charge photogeneration 
outside the o-o* absorption to wavelengths longer than 360 nm.[8] In addition to 
the increased photogeneration efficiency in the region of O-O* transitions (335 
nm), the charge carriers could also be generated in the spectral region of the 
chromophore absorption around 400 nm with the quantum efficiency comparable 
with that of the photogeneration originated in the o-system of unmodified 
PMPSi.[9J A similar effect of the increase in the quantum efficiency of the charge 
carrier photogeneration was achieved by addition of low-molecular-weight 
acceptor dopants.1'03''1 However, substitution of PMPSi with chromophores at a 
degree above 10 mole % (as was done in the previous work) resulted in a dra- 
matic decrease in the charge carrier mobility in these polymers, accompanied by 
an increase in the dispersivity of the transport."] Thus, chemical substitution or a 
"physical" doping of polymeric photoconductors is a complex effect involving, 
among others, an increase in the dispersivity of the charge carrier transport by 
polar additives and charge carrier trapping. To better understand these processes, 
we studied photoelectrical properties of two derivatives of PMPSi containing 
polar electron-acceptor chromophores: 

(i) poly[methyl(phenyl)silylene/{ 3(4)-[(2,4-dinitrophenylhydrazono) 
methyllphenyl ] methylsilylenel (PMPSi-DNPH), 
(ii) poly[methyl(phenyl)silylene/methyl(3(4)- ( [N-(4-nitro- 1 - 
naphthyl)imino]methy1}phenyl)silylene] (PMPSi-"1). 

For comparison, model systems consisting of PMPSi with admixed 
low-molecular-weight-chromophores: 

(i) benzaldehyde 2,4-dinitrophenylhydrazone (BDNPH), 
(ii) benzaldehyde N-(4-nitro- 1 -naphthyl)imine (BNNI) 

were also studied (see Scheme 1 for all the chemical formulas). 

EXPERIMENTAL 

Materials 

PMPSi (see Scheme 1) was prepared by sodium-mediated Wurtz coupling 
polymerization as described by Zhang and The low-molecular-weight 
fraction was extracted with boiling diethyl ether. The residual polymer, obtained 
in ca. 17 % yield, possessed an unimodal but broad molar mass distribution, 
M,. = 4x 1 o4 gmol-' . 
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194 STANISLAV NESPGREK rt  ui 

Copolymers PMPSi-DNPH and PMPSi-NNI were obtained by the following 
multistep process: 

The parent PMPSi was chloromethylated with a mixture of chloromethyl 
methyl ether and SnC14 in dry chloroform using the procedure described else- 

The degree of the chloromethylation was controlled by the concentra- 
tion of chloromethyl methyl ether, temperature and reaction time. 
Quarternization of the resulting product yielding the pyridinium salt was accom- 
plished by heating the chloromethylated polymer in boiling ethanol/pyridine 
mixture. Subsequently, most of the solvent was removed on a rotary evaporator 
and the product was precipitated by addition of diethyl ether and reprecipitated 
from ethanol solution with diethyl ether. The conversion in this step was nearly 
100 %. 

In the following step the pyridinium salt of PMPSi underwent the Kroehnke 
reaction with 4-nitroso-N,N-dimethylaniline and sodium methoxide in tetrahy- 
drofuran (THF) or THF/methanol. Subsequently, the reaction mixture was 
poured into an excess of water saturated with NaCl. The precipitated polymer 
was filtered off, washed thoroughly with water, dried and reprecipitated into an 
excess of hexane. As a result, a brownish-yellow powder was obtained in the 
yield of 73 %. This polymer was further acid-hydrolysed in a THF solution with 
HCI added. The product was washed with water, dried and reprecipitated twice 
from THF solution with methanol. The yield was about 87 %. The resulting 
white powder consisting of PMPSi having some phenyl rings substituted with 
-CH=O groups was used as a starting polymer (PMPSi-CHO) for preparation of 
both the copolymers under study. 

The PMPSi-DNPH polymer (with various degrees of substitution ranging 
between 0.55 and 15 %) was prepared by addition of 2,4-dinitrophenylhydrazine 
in aqueous HClO, to a solution of the starting polymer PMPSi-CHO in THE The 
polymer PMPSi-NNI (containing 15 % of substituted phenyl groups) was pre- 
pared by the same procedure using 4-nitro- 1 -naphthylamine instead of 2,4-dini- 
trophenylhydrazine. Both polymers were filtered off and precipitated twice from 
THF solution with methanol before further physical studies. Using size-exclu- 
sion chromatography, the molar mass was determined to be M ,  = 1 .9x104 
gmol-' for PMPSi-DNPH and M ,  = 1 . 5 ~ 1 0 ~  gmol-I for PMPSi-NNI (both at 
the degree of substitution 15 %). 

The low-molecular-weight additive BDNPH was prepared by boiling benzal- 
dehyde with 2,4-dinitrophenylhydrazine and p-toluenesulphonic acid in toluene 
for 30 min and purified by recrystallization. BNNI was prepared in a similar way 
using 4-nitro- 1 -naphthylamine instead. 

Polymer films for photoconductivity measurements were prepared by spin 
casting a toluene solution of polymers on conductive I T 0  glass or glass covered 
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PHOTOGENERATION IN POLY(S1LYLENE)S I95 

with a semitransparent Au electrode. The thickness of the films ranged from 3 to 
5 pm. The polymers were reprecipitated three times from toluene solution with 
methanol. The toluene solution was then centrifuged (12 000 rpm, 15 min) 
before thin film preparation. After deposition the films were dried at 0.1 Pa and 
at 330 K for at least 4 h. The top Al electrode, 40 - 60 nm thick, was deposited 
by vacuum evaporation. Samples for thermostimulated luminescence (TSL) 
measurements were prepared in a similar way on stainless steel substrates. 

Photocurrent Measurements 

Photocurrent measurements were performed by the time-of-flight technique. The 
electrical circuit consisted of a voltage source, sample and oscilloscope 
(Hewlett-Packard model 54510 A, 50 Q input impedance), connected in series. 
The samples were irradiated through a transparent I T 0  or semitransparent Au 
electrode with 347 nm single laser pulses (duration 20 ns) generated by a ruby 
laser (Korad model KlQS2) operated in conjunction with a frequency doubler. 
The penetration depth of the light was 0.13 pm corresponding to less than 4 % of 
the sample thickness. All measurements were made in vacuo at Pa or in 
argon atmosphere. During the measurements, the samples were mounted in a 
cryostat and kept at a constant temperature with the accuracy of & 0.2 K. The 
intensity of the excitation pulses was kept as low as possible to keep materials 
unchanged during the measurement. No photodegradation of the polymers was 
detected by measuring UV-VIS absorption spectra of the films after the photo- 
conductivity measurements. 

The charge carrier mobility was calculated from the relationship p= W(t0 F), 
where L is the sample thickness, F is the electric field strength, and to stands for 
the effective transit time. The effective transit times were determined from the 
intersection point of asymptotes to the pre-transient and post-transient sections of 
the photocurrent traces. Whenever the cusps on transient currents were well 
defined, interpolation was made using the curves plotted in linear co-ordinates, 
whereas in the case of ill-defined transit times (at higher chromophore concentra- 
tions) indicating a dispersive transport, their position was determined from the 
intersection of transient currents plotted in the log(current) vs. log(time) coordi- 
nates.[14]The transit time defined in such a way slightly differs from the “exact” 
average transit time t ,  as was shown by Monte Carlo simulation studies.[’51 
However, within the limit of experimental error, dependences of the mobility on 
temperature and electric field strength could be determined properly in this way. 
Over the range of temperatures and electric field strengths investigated, tempera- 
ture and field dependences of the mobility were reproducible, with no indications 
of hysteresis. 
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196 STANISLAV NESPUREK el LII 

The current transients were numerically integrated to obtain a total photogen- 
erated charge in the sample. The quantum photogeneration efficiency was calcu- 
lated from the total charge and photon flux. 

Thermostimulated Luminescence 

Thermostimulated luminescence (TSL) measurements were carried out with a 
laboratory-made apparatus for optical thermoactivated spectroscopy, covering 
the temperature range 4.2-350 K with an accuracy of 0. 1 K. Polymer samples 
were mounted in a holder of an optical helium cryostat and, after cooling down 
to 4.2 K, irradiated with UV light using a highpressure 500 W mercury lamp. 
The heating rate during all TSL runs was 0.15 Ks-’. The TSL signal was 
detected with a cooled photomultiplier operated in the photon-counting mode. 
The TSL technique and the procedure of data processing were similar to those 
described 

R ESU LTS 

Undoped PMPSi 

A typical transient current trace measured in a thin film of unmodified PMPSi is 
shown in Figure 1, curve 1. After a laser flash, the photocurrent rises abruptly 
reaching a plateau followed by a tail; the shape of the tail is related to a velocity 
dispersion within the carrier package drifting through the film. The tail-broaden- 
ing parameter w = (rI l2  - tO)/t1/2 (where time to is defined in the way described in 
the preceding section and t1/2 is the time required for the current to decay to 
one-half of the “plateau” value) is only slightly dependent on the electric field 
strength, but strongly temperature-dependent (see Figure 2). Figure 3 illustrates 
the p ( F )  dependences at various temperatures. In all cases, the mobility can be 
described by an e ~ p ( p F ’ / ~ )  dependence for F > lo7 Vm-’, whereas at lower 
fields, p(F) was found constant or a decreasing function of F .  This behdviour is 
in agreement with the data published by Bassler et aI.,l4’ but at variance with the 
data of Abkowitz et aLL2’] who reported the exp(P F’/2) law extending over two 
decades down to F = lo6 Vm-I. Regarding the temperature dependence of the 
mobility (see Figure 4), a linear dependence of lnp on 1/T2 was found for tem- 
peratures lower than Tg = 408 K (glass transition temperature). 

Figure 5 (curve 1) shows the electric field dependence of the charge carrier 
photogeneration efficiency for sandwich cell ITO/PMPSi/Al. The behaviour, 
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0 1 2 3 4 5 
Time, t /to 

FIGURE I Typical photocurrent transients: Curve 1 - PMPSi, curve 2 - PMPSi-DNPH (substitution 
degree 0.88 mole %), curve 3 - PMPSi-DNPH (substitution degree 10 mole '36). The curves are pre- 
sented in the relative coordinates: currents have been normalized to their peak values and time to the 
transit times 

namely the increase in the efficiency followed by saturation at higher values of 
the electric field, is similar to that observed by Kepler et a1.[211 and can be inter- 
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I98 STANISLAV NESPGREK et ui 

3 
0.22 

0.20 

0.18 

0.16 

0.14 

300 320 340 360 380 400 

Temperature, T (K) 
FIGURE 2 Dependence of the dispersion parameter w on temperature for PMPSi films 

preted in terms of inelastic scattering of the photogenerated charge carriers in the 
region of a precontact potential barrier and in terms of trapping of the carriers in 
surface 

Figure 6 (curve 1 ) presents a typical TSL curve measured on a PMPSi film. It 
shows an asymmetric broad peak with a maximum at T,,,= 90 K; its low tempera- 
ture portion being broader than the high-temperature one. This behaviour, pre- 
dicted by the theory,[231 follows from the relaxation of ensemble of charge 
carriers before attaining a dynamic equilibrium. It was shown in our earlier 
work'191 that PMPSi exhibited a quasi-continuous trap distribution found by the 
fractional TSL116-'81 (the technique based on cycling the sample with a large 
number of small temperature oscillations superimposed on a constant heating 

The mean activation energy (@) can be determined during each 
temperature cycle as 

(E:) = -d[ln Q ( T ) ] / ~ ( I / L T )  (1) 

where (D is the intensity of the thermoluminescence, T is the temperature in the 
measuring cycle, and k is the Boltzmann constant. The fractional TSL measure- 
ments[''] showed that the mean activation energy increases linearly with temper- 
ature according to the following empirical formula (in eV): 
(E:)(T) = 0.0028T - 0.05. Taking into consideration the theory of the frac- 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

56
 1

6 
A

ug
us

t 2
01

2 



PHOTOGENERATION IN POLY(S1LYLENE)S I99 

I 2 3 4 5 6 7 8 9 1 0  

112 -112 
~ " ~ ( 1 0 ~  v m 

FIGURE 3 Dependence of charge carrier mobility of PMPSi on electric field strength, parametric in 
temperature. T = 295, 325, and 355 K for curves I - 3, respectively 

tional TSL['6-'s1 and the above linear dependence for (E:)(T) ,  and assuming 
that the TSL peak is associated with the thermal release of charge carriers occu- 
pying the intrinsic tail states, the temperature profile of the TSL peak directly 
reflects the distribution function of local states filled with charge carriers. For 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

56
 1

6 
A

ug
us

t 2
01

2 



200 STANISLAV NESPGREK et “ i .  

sufficiently deep states, this distribution function can be taken to be identical to 
the density-of-states (DOS) function p ( E ) .  The temperature scale can be con- 
verted into the trap energy scale in a way similar to that described by 
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a, 

cp c 
0 

P 
W 

>; 
0 c 
a, 
0 
.- 
5 

1 o-2 

1 o - ~  

1 o4 - 

1 o7 1 o8 
Electric field, F (V m-') 

FIGURE 5 Field dependence of the photogeneration efficiency. Excitation wavelength 347 nm, 
T = 203 K: Circles and curve I ,  PMPSi; squares and curves 2 and 2', PMPSi-DNPH (substitution 
degree I .  1 mole %) 

B a s ~ l e r [ ~ ~ ] a n d  Eiermann et a1.1251 for thermostimulated electrical currents. The 
high-temperature wing of the TSL peak could be well approximated by the fol- 
lowing Gaussian function (cf. Figure 7) 

@ ' T S L ( E )  - exp(-E2/22)  (2) 

where E is the energy and (3 is the half-width of the distribution of the transport 
hopping states. Using this approach, the value o= 0.094 eV was obtained for 
PMPSi. 

Figure 8 shows photocurrent transients in PMPSi for various levels of photon 
flux in the laser flash. For higher light intensities, the transients show a typical 
space-charge-limited behaviour[261: after an initial spike, the current rises to a 
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v) 

C 
3 

.w .- 

I- 

I I I I I I 
1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 
0 50 100 150 200 250 

Temperature (K) 
FIGURE 6 TSL glow curves recorded after excitation of the samples with unfiltered light of an Hg 
lamp at 4.2 K. Curve 1, PMPSi; curve 2, PMPSi doped with BNNI, 0.9 mole %; curve 3, PMPSi 
doped with BDNPH, 1 .  I mole 9% 

maximum occurring at a time tSCL, which is ca. 20% shorter than the 
space-charge-free transit time to observed at the same voltage. The apparent pho- 
togeneration efficiency decreased with increasing photon flux (see inset of 
Figure 8). This feature could be associated with a fast charge recombination, 
exciton quenching at the illuminated surface or an exciton-exciton annihila- 

However, the initial spike appearing in the photocurrent at high excita- 
tion light pulse intensities supports the explanation invoking a bimolecular 
recombination of mobile holes with trapped electrons in the vicinity of the illu- 
minated electrode. 

PMPSi-DNPH 

Optical absorption spectra of the polymer PMPSi-DNPH, of the low-molecu- 
lar-weight chromophores BDNPH and BNNI, and of a mixture of PMPSi with 
BNNI in toluene solutions are shown in Figure 9. Neither the position of the 
PMPSi absorption band at 335 nm nor the position of DNPH absorption band at 
380 nm changed when the chromophore was covalently bonded to PMPSi. The 
absorption spectra of polymer films were similar to the solution spectra. 
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PHOTOGENERATION IN POLY(S1LYLENE)S 203 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

FIGURE 7 Gaussian analysis of the high-energy wings of the TSL peak according to Eq. (2) for the 
same materials as those shown in Figure 6 

The presence of the acceptor groups substantially decreased the luminescence: 
the intensity of the emission peak at 360 nm, characteristic of PMPSi, dropped 
by one order of magnitude even at concentrations as low as 1 mole %, both for 
the chemically bonded groups and for the low-molecular-weight chromophores 
admixed to the polymer. It should also be mentioned that it was not possible to 
study TSL in polymers with the bonded side groups because of weak signal even 
for a low concentration of chromophore groups (c = 0.65 mole %). 

Typical photocurrent transients expressed in normalised linear coordinates are 
shown in Figure 1.  A well defined plateau, characteristic of unmodified PMPSi 
films (curve 1 in Figure I ) ,  was also observed for the polymer with a low degree 
of substitution with DNPH (curve 2 in Figure 1). Substitution of 10 mole % in 
PMPSi-DNPH caused the transport to become dispersive (curve 3 in Figure 1). 
For all polymers with various concentrations of bonded side groups, measurable 
photocurrent transients were obtained only when the illuminated electrode was 
positively biased. This suggests that only holes were the mobile charge carriers. 
Figure 10 shows field dependences of the charge carrier mobility, parametric in 
temperature, for polymer PMPSi-DNPH with degree of substitution of 0.88 
mole %. The characteristics are similar to those obtained for PMPSi (cf. 
Figure 3), the mobilities, however,'being about one order of magnitude lower. A 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

56
 1

6 
A

ug
us

t 2
01

2 



204 

0.4 

0.3 
n 
t 
0 
0 
E 
c 

Ln s 
F 

'0 0.2 
r 
W 

r n - 
c- 
t 

E 
c 0 0.1 

a 

3 
0 

0 .c 

0.0 

I I 1 I I 

0 2 4 6 8 

Time, t (ps) 
FIGURE 8 Photocurrent transients in PMPSi measured at various intensities of the laser flash: 
I$ = 4.4 x 10" photon per flash, (curve I ) .  1.0 x lo1? (curve 2). 6.8 x IO"(curve 3 ) ,  I .6 x (curve 
4), 3.1 x l0l3 (curve 5 ) .  2.1 x lOI4 (curve h), 5.4 x 1014(curve 7). Inset: Dependence of the apparent 
photogeneration efficiency on photon flux 

decrease in the mobility with the increasing electric field strength at low fields 
was followed by the mobility increase following the exp( PF"') dependence at 
higher fields. A similar behaviour was also observed in PMPSi-DNPH polymer 
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FIGURE 9 Optical absorption spectra of poly(sily1ene)s and chromophores in toluene solutions. 
Curve I ,  PMPSi; curve 2, PMPSi mixed with 7 mole % of BNNI; curve 3, PMPSi-DNPH (substitu- 
tion degree 10 mole %); curve 4, BDNPH (concentration 1.0 x 10-6mol I-'); curve 5, BNNI 
(5.9 x mol I - ' )  

with degree of substitution of 0.55 and 1.29 mole %, whereas only a monotonic 
increase in the mobility with the field strength (without a decrease at low fields) 
was observed for the PMPSi-DNPH polymer with the degree of substitution of 
10 mole %. 
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2 4 6 a 10 
p 2  (,03 "1/2m 412) 

FIGURE 10 Field dependences of thc hole mobility, parametric in temperature, for PMPSi-DNPH 
(substitution degree 0.88 mole 9) 

The temperature dependences of the hole mobility measured for PMPSi-DNPH 
with substitution degree 0.88 and 10 mole % at an electric field of 5 x 107Vm-' 
are plotted in Figure 4 as a logp vs. T -2 coordinates (curve 2 and 3, respec- 
tively). Two facts should be mentioned comparing the p vs. T -2 characteristics 
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for PMPSI-DNPH and PMPSi: (i) charge carrier mobility decreases with increas- 
ing concentration of chromophores; this dependence is given in Figure 11; (ii) 
the effective activation energy of the mobility (obtained from the Arrhenius plot) 
increases with increasing chromophore concentration. Here, a comment must be 
added: Usually it is difficult to experimentally distinguish between a p ( T 2 )  and 
a p(7-I) dependence. An Arrhenius plot yields an apparent (effective) activation 
energy E:ef which is related to the width of the DOS function['51 (see below). 

0 2 4 6 8 10 12 14 16 

Concentration, c (mol %) 
FIGURE 1 1  The dependences of the hole mobility on the concentration of the chromophore in 
PMPSi. Open squares and curve I ,  PMPSi-DNPH polymer ( h  = 347 nm, T = 293 K, biasing field 
F = 5x10' Vm-'); closed squares and curve 2 - mixture of PMPSi with BNNI; for PMPSi-NNI poly- 
mer, only one point is available (triangle) 

The effect of chromophore concentration on the photogeneration efficiency is 
shown in Figure 12. At low concentrations, the presence of chromophores in the 
polymer film increased the photogeneration efficiency; however, at chromophore 
concentration exceeding some 1 t 3 mole %, the efficiency was found to 
decrease. The electric field dependence of the photogeneration efficiency meas- 
ured in the PMPSi-DNPH polymer is presented in Figure 5 (squares and curves 2 
and 2'). The shape of the dependence observed at low electric fields (Figure 5 ,  
curve 2) is similar to that of PMPSi without chromophores (curve 1 in Figure 5). 
A superlinear increase was observed with PMPSi-DNPH at the electric fields 
higher than 2 x lo7 Vm-' (Figure 5 ,  curve 2'). The dashed line 2' shows the fit 
according to the Onsager theory of geminate recombination.[283291 It suggests 
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that acceptor-type side groups decrease the precontact barrier between the elec- 
trode and polymer and a nearly undistorted electric field dependence of the pho- 
togeneration efficiency can be obtained (similarly to the measurements with 
samples where a gas contact was - xerographic photodischarge). 

h c 
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lz 
Q 

.c.' 

Q, 0.02 F m c 
0 
F 
v 

>; 
0 c 
Q, 

0.01 .- 
f 
c 
0 

a, c 
a, 

0 c a 

.- + 
2 

g) 0.00 
+ 0 2 4 6 8 10 12 14 16 

Concentration, c (mol %) 
FIGURE 12 The dependence of the photogemration efficiency on the chromophore concentration. 
( h  = 347 nm, T = 243 K, biasing field F = 5x IO'V m-'). (For the meaning of symbols, see 
Figure 11.) 

PMPSi-NNI 

Physical properties of this polymer were very similar to those of PMPSi-DNPH. 
Photocurrent transients showed a well defined plateau only at lower concentra- 
tions of the chromophore side groups, whereas for higher concentrations, the 
transport was dispersive with monotonic time decay of the photocurrent trace. 
The absolute value of the charge carrier mobility was lower than that of PMPSi, 
but higher than for the PMPSi-DNPH polymer (for comparable concentrations of 
the chromophore). As expected, this is in agreement with the dipole moments of 
side groups, 6 D and 7.6 D for BNNI and BDNPH, respectively, as calculated 
using the AM I and PM 3 quantum chemical methods.'"' The quantum genera- 
tion efficiency was higher than for both PMPSi and PMPSi-DNPH. It should be 
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mentioned that the PMPSi-NNI polymer was photosensitive even in the spectral 
region above 400 nm, following an absorption spectrum of the chromophore (cf. 
Figure 9, curve 2). The photogeneration quantum efficiencies q of PMPSi and 
PMPSi-NNI, as obtained from xerographic measurements,[301 were at 254 nm 
q = 0.010 and 0.024, at 355 nm q = 0.002 and 0.012 charge per photon, respec- 
tively. At 405 nm, no photoelectrical sensitivity was detected for PMPSi, but 
q = 0.005 charge per photon was found for PMPSi-NNI. Thus, using suitable 
chromophore groups, one can make polysilylenes photosensitive even in visible 
spectral region. 

Polymer Mixtures: PMPSi + BDNPH and PMPSi + BNNI 

To study the influence of the chemical bonding of the chromophore to the polysi- 
lylene backbone on photoelectrical properties of the polymer, we performed 
comparative measurements on unmodified PMPSi containing corresponding 
low-molecular-weight chromophores, BDNPH and BNNI (cf. Scheme I ) ,  
admixed to the polymer. Unfortunately, for BDNPH only results for low concen- 
trations of the dopant are available because the chromophore at higher concentra- 
tions tends to crystallize in the polymer host. One can state that photophysical 
behaviour of the mixtures is very similar to that of polymers with the same, but 
chemically bonded side groups. Optical absorption covers partly also the visible 
region, following the spectral curve of the chromophore (cf. curves 2 and 5 in 
Figure 9). The absorption spectra of doped polymer films prepared from solu- 
tions were similar to the solution spectra. The intensity of the sharp fluorescence 
emission peak at 360 nm decreased with increasing chromophore concentration. 
The character of the dependence was similar to that observed in the polymer with 
the chemically bonded groups. The photoelectrical behaviour was alike for both 
systems. Thus, we will only summarise the basic results: (i) The quantum photo- 
generation efficiency increased with increasing concentration of the dopant 
(Figure 3, curve 2) up to about 4 mole %. After that, usually a decrease was 
observed. This is in agreement with our measurement on the system PMPSi-NNI 
(cf. Figure 12, point labelled PMPSi-"1). (ii) The charge carrier mobility 
decreases monotonically with increasing concentration of the dopant (cf. curve 2 
in Figure 1 I )  - this effect was attributed to the electron-dipole interaction and 
was discussed in detail elsewhere.[321 Both, increase of the dopant concentration 
and increase of the dipole moment result in broadening of the DOS function. It 
could be pointed out that similarly to the polymer with chemically bonded polar 
groups, the photocurrent transients showed a typical dispersive behaviour only 
for doping degrees higher than I0 mole %. 
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The influence of the dipole moment on the DOS function was studied by TSL. 
Figure 6 contains the glow curves for PMPSi (curve l), for PMPSi + BNNI (0.9 
mole %, curve 2) and for PMPSi + BDNPH (1.1 mole %, curve 3). All TSL 
curves in Figure 6 were monitored under the same conditions - UV excitation for 
30 s at 4.2 K. Because the dopant concentrations were nearly the same for both 
cases, we could deduce the influence of the dipole moment of the dopant on the 
DOS function. As can be seen, the doping of PMPSi with BDNPH or BNNI led 
to a notable effect on the TSL glow curves of the doped samples, namely to a 
shift of TSL peak towards higher temperatures and to its broadening. It is evident 
that doping of PMPSi with both BDNPH and BNNI resulted in a notable increase 
in the energetic disorder due to the dipolar disorder contribution caused by polar 
additives. The TSL peak shift is larger for the BDNPH dopant. This effect might 
be explained by a larger dipole moment of BDNPH or/and formation of shallow 
traps (leading to a larger effective energetic disorder). Very probably both effects 
are operative simultaneously. The fractional TSL experiments showed that the 
temperature dependence of the mean activation energy, E: , is essentially the 
same as in undoped PMPSi."'] 

The effect of polar additives can be seen more explicitly when comparing the 
TSL peaks obtained after an additional exposure of the samples to IR irradiation at 
4.2 K (Figure 13). Generally, the effect of IR irradiation (IR filter transparency 
band was 900 - 4500 nm) on TSL was described in our previous works.[19,33,341 
We explained the effect of the shift of the glow curve maximum to higher tempera- 
tures in terms of acceleration of energetic relaxation of photogenerated charge car- 
riers within the Gaussian-shaped DOS. IR excitation to the higher energy portion 
of the DOS involves actually an increase in the number of new sites visited by a 
carrier at 4.2 K and, consequently, leads to an increase in the probability of reach- 
ing lower tail states. As can be seen from Figure 13, the TSL peak of doped PMPSi 
is notably shifted to higher temperatures as compared with undoped PMPSi. 

Results of the Gaussian analysis of the high-temperature wing of TSL peaks 
are shown in Figure 7. The analysis was done just as described earlier,"'] i.e. by 
converting the temperature scale to the trap energy scale using the calibration 
expression mentioned above. As can be seen from Figure 7, the parameter G, 
derived from the slopes of the lines, amounted to 0. I 1 eV for PMPSi + BNNI, 
i.e., it is larger than the value 0.094 eV determined for the undoped PMPSi. For 
PMPSi + BDNPH, the latter parameter was found equal to about 0.13 + 0.14 eV. 
It should be noted that these data might be slightly underestimated since we 
neglected the transport energy c ~ n t r i b u t i o n . [ ' ~ , ~ ~ , ~ ~ ]  From these results it is evi- 
dent that the decrease in the charge carrier mobility due to doping the polymer 
with polar additives is associated with the electron-dipole interaction and the 
resulting broadening of the hopping states distribution. 
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FIGURE 13 TSL glow curves measured for PMPSi (curve I ) ,  PMPSi doped with BNNI, 0.9 mole % 
(curve 2). and PMPSi doped with BDNPH, I. I mole D/o (curve 3). Prior to the measurements, the 
samples were irradiated at 4.2 K with unfiltered light of an Hg lamp for 30 s, and subsequently with 
1R light for 30 min 

As it was shown earlier, the disorder parameter, 0, could be evaluated from 
TSL data also by an alternative way, analysing the activation energy at the TSL 
peak maximum, < Efm > . The following expression (3) was suggested (for 
details see Refs.['9,33341): 

where toO is the dwell time of a carrier at a lattice site without disorder (for a 
charge carrier, to0 is accepted to be 10-'3s).t3s1 It presumes a linear relationship 
between the experimentally accessible < E : ~ ~  > and the degree of the ener- 
getic disorder in amorphous systems. It was found that the activation energy at 
the maximum of the TSL was equal to 0.235 and 0.250 eV for PMPSi doped 
with BNNI and BDNPH, respectively, that is higher value than 0.190 eV 
obtained for undoped PMPSi. Using these values one can obtain from the expres- 
sion ( 3 )  0 = 0.104 and 0.1 10 eV for PMPSi + BNNI and PMPSi + BDNPH, 
respectively. These values are close to those obtained by the Gaussian analysis 
and agree quite well with the data obtained from the charge carrier transport 
measurements. 
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DISCUSSION 

The quantum efficiency of the charge carrier photogeneration in PMPSi could be 
increased in the presence of chromophores both chemically bonded to the poly- 
mer backbone and simply added to the polymer. The increase in the photogenera- 
tion efficiency was related to electron affinity of the nitro groups present i n  the 
chromophore. It followed from the experiments made on PMPSi doped with var- 
ious low-molecular-weight additives that the photogeneration efficiency 
increased with increasing electron affinity of the dopant.'")' In contrast, when 
PMPSi was substituted with chromophores bearing electron-donating dimethyl- 
amino groups, the photogeneration efficiency dropped considerably compared 
with that observed with undoped PMPSi, despite of the tail in the visible region 
of absorption spectrum similarly to the polymer PMPSi-DNPH.[8391 This sug- 
gests that the photoinduced charge-transfer is an important step in the photogen- 
eration process. To overcome the strong geminate recombination of the 
electron-hole pair photogenerated within the backbone, the electron must be 
transferred to polymer side group or to an electron acceptor in  the vicinity of the 
polymer chain. The probability of the formation of an electron-hole pair within 
the chromophore can be considerably increased by migration of the excitation 
energy absorbed by the o-conjugated electron system of the poly(sily1ene) back- 
bone to the chromophore. The rapid decrease in the fluorescence intensity of 
PMPSi observed when BNNI and BDNPH were added, suggests that one 
chromophore molecule could quench fluorescence from many neighbouring 
methyl(pheny1)silylene repeating units. 

The efficiency of an individual photogeneration centre decreases with increas- 
ing concentration of the chromophore due to a competition of energykharge col- 
lecting centres. Thus, even an admixture of a small amount of the chromophore 
increased the primary photogeneration efficiency which, however, reached satu- 
ration and sometimes decreased with its increasing concentration. In addition, 
the photogenerated thermalized electron localized at the chromophore could act 
as a Coulomb-type recombination centre for free hole moving in the PMPSi 
matrix. At high chromophore concentrations, the apparent photogeneration effi- 
ciency calculated as an integral of the photocurrent transient may decrease due to 
an increased probability of recombination. An optimum chromophore concentra- 
tion yielding the highest apparent photogeneration efficiency can, therefore, be 
found if both the photogeneration and recombination processes are balanced. 

Saturation of the photogeneration efficiency with increasing electric field 
strength in sandwich-type samples is due to the barrier-limited current. Interest- 
ingly, the presence of acceptor groups, both chemically bonded to the backbone 
and admixed to the polymer, effectively decreased the barrier. Due to quite a high 
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absorption coefficient of the PMPSi at 347 nm the charges were generated only 
in a thin layer at the irradiated surface determined by the penetration depth of the 
incident light. Thus, the charge photogeneration in the sandwich samples could 
be strongly affected by an energetic barrier at the interface between PMPSi and 
the illuminated I T 0  electrode. The electric field dependence of the photogenera- 
tion efficiency could usually be fitted by the Onsager model of geminate recom- 
bination[28'291for both PMPSi and PMPSi-DNPH if the non-contact xerographic 
discharge method'' ']is used for the photoconductivity studies. However, in the 
low-field region, the barrier effectL221prevailed (Figure 5, curves 1 and 2 )  for 
sandwich samples. 

There are several models available for the description of the effect of additives 
on the charge carrier mobility in PMPSi. The multiple trapping of free holes by 
additive molecules was adopted for the explanation of the mobility decrease in 
PMPSi containing additives with ionisation potentials lower than that of 
PMPSi.'"' However, in our case, the decrease in the mobility caused by the pres- 
ence of chromophores is related to the polar character of the chromophore. 

An attempt was mader3" to employ a pure polaron model describing the 
charge carrier transport as a thermally activated hopping over energetic barriers 
modified with dipole relaxation in the vicinity of a momentarily localized charge. 
The equation 

p = F-' sirih[exp(cdF/2kT)], 

where e is the elementary charge and d is the hopping distance, was used by us to 
fit the mobility vs. electric field dependences measured in this work. However, 
our experimental data could not be fitted with the relation predicted by the 
polaron model only. 

The observed negative slope of the field dependence of the mobility at the low 
field strengths and a linear log p vs. F"2 dependence at high fields suggest that 
the charge carrier transport is influenced by localized hopping states distributed 
in energy and p o ~ i t i o n . ~ ~ ~ , ~ * ]  The broadening of the energetic distribution of the 
transport states is illustrated by data in Table I. The half-width of the distribution, 
o, decreased with increasing concentration of the chromophores. The parameter 
o was determined from log p vs. FIJ2 dependences measured in the high field 
region using the 

hip = lnpg - ( 2 c / 3  k T ) 2  + C [(c/kT) '  - E2] F112, ( 5 )  

where po is the mobility in an ordered reference system, o and C are parameters 
of the energetic and positional disorder, respectively, and C is a constant. The 
electric field dependences of p measured at various temperatures were extrapo- 
lated to the zero field and values po and o were calculated from the lnp(F+O) vs. 
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T2 plot. The fitted lines (1 and 2 )  shown in Figure 4 demonstrate good linear 
fits of the dependences as predicted by the disorder model. However, at a high 
chromophore concentration, 10 mole %, a deviation of experimental data from 
the theoretical dependence could be seen (Figure 4, curve 3). The broadening of 
DOS distribution after doping was also demonstrated by the TSL technique. The 
agreement of the o-parameters obtained from TOF and TSL experiments is quite 
good, (cf. o for BNNl doped PMPSi from TSL, o = 0.1 10 eV, 0.9 % BNNI, and 
o from TOF experiments, o = 0.107 eV, 1.7 9'0 BNNI). However, not only the 
concentration but also the dipole moment of additive molecules is important. The 
higher the dipole moment, the broader was the distribution (higher o - cf. 
Figure 7). The disorder model describes transport properties of PMPSi quite well. 

TABLE I Parameters of charge carrier transport in poly(silylene)s 

Chromophore cwciwtration 0 

[in yo N.51 ' [eV] Polymer [mole Or,] 

PMPSi 0.00 1.2 x10-6 0.093 

PMPSi - DNPH 0.55 1.2 x I O - ~  0.094 

0.88 1 .0 x 10-6 0.099 
I .29 1 . 1  xlO-' 0.107 

PMPSi + BNNl 0.43 0.9 x 1 0-6 0.094 
1.74 0.5 xlO-' 0.104 
3.59 1.6 xlO-' 0.107 

It could be pointed out that in this paper only the disorder model without the 
polaron contribution was taken into account. Nevertheless, this simplification 
could not qualitatively influence the mentioned relations. Quantitatively, the o 
parameters are lower for the model including polaron contribution. The polaron 
binding energy for undoped PMPSi is E,, = 0.16 eV.14] The polaron argument 
rests on the idea that the configuration of a hopping site is altered upon removal 
or addition of an extra electron. The motion of the carrier induces deformations 
along its path. A significant distortion of the PMPSi chain was recently found by 
Kim et a ~ ' ~ ~ '  by measuring the migration rate of the excitation energy along the 
polymer chain. Taking into account the contributions both from the dynamic dis- 
order, i.e. the polaronic barrier, and from the static disorder, i.e., the overall vari- 
ation of the potential energy of the carrier as a result of the disordered 
environment, the effective zero-field activation energy of the mobility can be 
expressed by the relation 
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where EIol and E,d:sff are the polaronic and disorder contributions, op is the 
width of the DOS distribution (taking into account the polaron contribution). Since 
Ep reflects an intramolecular property, it is not influenced by the spatial distribution 
of hopping states. The zero-field value of the activation energy in PMPSi was 
E d a s  a e f f ( F  + 0) = 0.30 eV. The value of 0 recalculated using Eq. (7) 

p ( T ,  F + 0) N exp[-(20/3kT)~], (7) 
was 0.093 eV (at room temperature), taking into account the disorder model only. 
The real value of the width of the distribution of hopping sites o would be low- 
ered by the polaron contribution (Ef;sff - Ep/2 = 80;/9kT, cf. Eq. 6). This 
leads to the value op= 0.080 eV. 

CONCLUSIONS 

Both the chemical bonding and admixture of polar electron-acceptor chromo- 
phores in PMPSi were found to change the charge photogeneration and transport 
properties of the polymer. Whereas the charge carrier mobility decreased for any 
chromophore concentration used in the study, the photogeneration efficiency 
increased for small concentrations (up to 4 mole %) and decreased for higher 
concentrations. A maximum in the dependence of photogeneration efficiency vs. 
chromophore concentration exists due to a balance between the increasing effect 
of photogeneration and recombination centres with increasing chromophore con- 
centration. At low chromophore concentrations (below 2 mole %), the photogen- 
eration efficiency of free charge carriers increased by nearly one order of 
magnitude while the decrease in the hole mobility remained negligible. The 
effect of the decrease in the mobility is influenced by electron-dipole interactions 
and by broadening of DOS distribution. 
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