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Abstract

Charge carrier transport and photogeneration in polysilylenes, specifically in poly[methyl(phenyl)silylene], are discussed.
Electronic properties are influenced by electron delocalization along the silicon backbone. A model of disordered polarons seems to
be adequate to describe the charge carrier transport properties. Dissociation of ion pairs in external electric field, which can be
described in terms of the Onsager theory of geminate recombination, seems to be the main mechanism of the free charge carrier
photogeneration. Polar additives or polar side groups attached to the polymer backbone locally modify the ionization energy of the
polymer segments and energies of electrostatic interactions of charge carriers and the dipoles. These changes result in the creation of
local states for charge carriers and in the formation of a potential well structure. If the side groups are photochromic species
changing their dipole moments upon illumination, then a light-driven molecular switch can be proposed.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Polysilylenes (in literature also called polysilanes,
polyorganosilanes, poly(organylsilanediyl)s, organopo-
lysilanes, or catena-silicon polymers) are of considerable
research interest because of their electronic, photoelec-
trical, and nonlinear optical properties, and the effect of
c-electron delocalization along the chain [1]. Optical
and electrical properties of these polymers have been
found to significantly differ from structurally analogous
carbon-based o-bound systems such as polystyrene and
polyethylene, resembling rather fully m-conjugated sys-
tems like polyacetylenes. Physical properties are
strongly influenced by the chemical structure of the
polymer side groups; various polymers with photocon-
ductive, electroluminescent, ionic, thermochromic,
piezochromic, photorefractive, electro-optical, non-
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linear optical, and liquid-crystalline properties can be
synthesized [2,3]. Some of these properties could form a
new basis for future electronics. For example, nonlinear
optical properties, emission, and semiconductive proper-
ties are suggested to be useful for swift optical switches,
light emission displays, photorefractive memories, and
current molecular switches and modulators [4—6]. Sev-
eral features, such as simple chemical synthesis and the
possibility to obtain pure polymer by conventional
techniques, easy processability due to good solubility,
and optical transparency in the visible region, make
polysilylenes suitable for applications.

In this paper, the charge carrier photogeneration and
transport are discussed on a model material,
poly[methyl(phenyl)silylene] (PMPSi), but some proper-
ties of other polysilylenes are also mentioned.

2. Experimental

In this chapter, we will briefly describe the chemical
synthesis and methods, which were utilized for acquisi-
tion of the results mentioned below.
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2.1. Material

Currently, the best synthesis of high-molecular weight
polysilylenes is the Wurtz coupling of dichlorosilanes [7].
However, this reaction has several drawbacks. The
Waurtz coupling gives low yields (5-60%) and variable
molecular weights. The harsh conditions of the synthesis
exclude the incorporation of polar side groups into the
monomer, and hence only a limited number of mono-
mers can be used. An alternative and less hazardous
method was discovered by Aitken et al. [8]. Titanium
and zirconium metallocene complexes were found to
perform dehydrogenative coupling of phenylsilane to
form oligomeric poly(phenylsilylene). Its Si—H bonds
undergo mild radical hydrosilylations with a wide
variety of olefins and carbonyl compounds [9]. This
synthesis opens the door to novel polysilylenes inacces-
sible by the Wurtz coupling method. All polysilylenes
mentioned in this work were prepared by the methods
described in Refs. [3,10].

2.2. Measurements

Measurements of “on-chain” charge carrier mobility
were carried out using the time-resolved microwave
photoconductivity (TRMP) [11]. Photocurrent measure-
ments were performed by the time-of-flight (TOF)
technique and charge carrier mobility was determined
using the transit time [12]. The quantum generation
efficiency was determined by the xerographic discharge
method [13,14]. Photoinduced transient absorption was
measured using the first harmonics (347 nm) generated
with a ruby laser or the second harmonics (266 nm)
generated with an Nd:YAG laser system [15]. Thermo-
stimulated luminescence (TSL) measurements were
performed in two different regimes: under uniform
heating and in the fractional heating regime, which
allows to determine trap depth [16].

3. Charge carrier transport

Polysilylenes consist of a chain of silicon atoms with
interacting three sp> hybrid orbitals. The resonance
integral between two sp° orbitals located on adjacent
silicon atoms and pointing to each other, [y, is
responsible for the formation of a Si—Si o-bond (see
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Fig. 1. The basis set of Si sp® and H 1s orbitals.

Fig. 1). Electron delocalization along the silicon back-
bone results from the mutual interaction of sp> orbitals
of adjacent silicon atoms [1]. The degree of electron
delocalization in the backbone is a function of the f;./
P eem ratio, where f4qp is the resonance integral between
two sp> orbitals localized on the same silicon atom.
Electron delocalization is perfect if the ratio equals
unity.

Thus, the linear Si backbone behaves as a molecular
wire due to the o-conjugation. The highest “on-chain”
mobilities were detected as 2 x 10> m* V= ' s~ ! [17];
the values in m-conjugated carbon polymers are usually
higher (up to 7 x 107> m* V~! s=1). The mobilities of
mobile charges (holes) depend on the chemical nature
and on the size of the side groups. In alkyl-substituted
polysilylenes, the hole mobilities seem to increase with
increasing length of the alkyl substituent; for example, in
poly[hexyl(phenyl)silylene] (PHPSI), the “on-chain’ mo-
bility equal to 2 x 10> m? V! s~ ! was reported [17],
whereas u<107® m?> V~!' s7! was found for
poly[ethyl(phenyl)silylene] (PEPSi) by the time-resolved
microwave conductivity technique [17]. The “on-chain”
hole mobility in PMPSi was found to amount to u
~2x107%m? V! s~ ! using TRMP [18].

Generally, three types of charged species can be
detected by the microwave detection method: free and
localized charge carriers, and correlated charges (i.e.
dipoles). In organic semiconductors, in initial stages of
the excitation, mainly electron—hole pairs, in which the
separation between the charged species is smaller than
the Onsager “‘escape distance”, are detected. An initial
part of a decay curve of the microwave signal then
reflects the recombination kinetics of the pairs generated
in the polymer main chain. The TRMP trace measured
on PMPSi powder [18] is shown in Fig. 2. The signal
shows a dispersive behavior: at least two components of
the decay can be distinguished. The initial rapid decay of
the microwave signal with a half-life 71, = 80420 ns is
followed by a slow process. The kinetics of the latter
part of the signal can be fitted with a stretched
exponential function up to the millisecond range.

Excitation at 355 nm in PMPSi results in the fast
formation of electron—hole pairs in the Si backbone that
undergo a fast chain geminate recombination to a

2.0x10*}

1.5x10™

1.0x10™*
5.0x10°} MWM -
NHRTHA

0.0

Microwave power, a P/P

00  20x10° 4.0x10° 6.0x10° 8.0x10°
Time, t (s)

Fig. 2. TRMP trace for PMPSi: Ao =355 nm; band with of the
amplifier = 500 MHz.
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significant extent. The remaining portion of ion pairs
escapes the fast geminate recombination presumably
due to the fact that o-conjugation extents only over a
limited number of silicon atoms with the consequence
that only electron—hole pairs formed in the same
conformational chain segment can recombine fast. The
rest of electron—hole pairs relaxes to the ion pair (o, ©*)
charge-transfer state. This implies a transfer of the
electron from the silicon backbone to the pendant
phenyl groups. This electron transfer is quite possible
because the ground state is predominantly og; g;, i.e.
ionization potential 7,(Si-Si) < I,(benzene) [19]. The
photoelectron spectral band of benzene was found at
9.24 eV (m, e),) [20] and of hexamethyldisilane at 8.69 eV
(osi_si) [21]. The Si—Si grouping is unique in the sense
that I, of the (os;_g;) electrons is lower than that of the
benzene m-electrons. The electron transfer to benzene
ring is also in agreement with reduction experiments
[22]. The case of reduction obeys the order (Me,Si)s >
Ce¢Hg > (Me,Si) > Me(Me,Si),, Me, where Me is methyl.

For the homogeneous diffusion-controlled recombi-
nation of electrons and holes, the recombination half-
time, 7R, is given by the relation

o= (1

euN
where &g is the electric permittivity, e the unit charge, u
the charge mobility, and N the pair concentration.
Taking g (= 7152) from the fast part of the experimental
kinetics (N was determined by calibration of the
microwave signal using TiO;), one can estimate the
value of the on-chain mobility as 2 x 10 ¢ m? V! s~ !
in a good agreement with the data presented in Ref. [23].
This value is very probably still limited by conforma-
tional disorder and structure defects in the backbone. In
the case of the polysilylene chain, a perfect all-trans
arrangement of the o-bonds has been shown to be the
optimum configuration of intrachain electronic coupling
[1,24]. Lower ‘‘on-chain” mobilities in o-conjugated
polymers in comparison with m-conjugated polymers
can be attributed to a greater conformational disorder
and a decrease in the overall electronic coupling due to
lower barriers to conformations other than all-trans.
The longtime decay process can be related to the
intrachain recombination (Si chain cation radicals with
phenyl anion radicals) and/or to the interchain electron—
hole recombination. The latter value must be close to the
zero-field drift mobility measured on 3D samples as was
indeed observed (at room temperature y(F —0)~10~°
m? V! s~ ! [14]; from the measurements of microwave
conductivity, 2 x 107 m?> V! s~ ! was obtained [23]).

A question arises why the values of “on-chain”
mobilities are so low. A possible reason is the formation
of polarons. The strong electron—phonon coupling
causes carrier self-trapping and creates a quasiparticle,

a polaron, which can move only by carrying along the
associated molecular deformation. The motion of such a
charge carrier, dressed into a cloud of local deformation
of the nuclear subsystem, can be phenomenologically
described by introducing a temperature-dependent ef-
fective mass which is higher than the electron mass. A
significant distortion of the PMPSi chain was recently
found by Kim et al. [25] by measuring the migration rate
of the excitation energy along the polymer chain. The
results of quantum chemical calculations shown in Fig. 3
demonstrate that the presence of the charge in the
molecule indeed deforms the chain [11].

Another important feature influencing the charge
movement on the polymer chain is the presence of
traps. An isolated macromolecule is a 1D system in
which the presence of any defect results in a localization
of charge carriers [26]. Let us consider a system contain-
ing traps, which are neutral when empty. In a 3D
system, once such traps are filled, they act as scattering
centers for other carriers approaching their sites, with-
out otherwise hindering their motion. The situation is,
however, qualitatively different in 1D systems. Any
localized carrier becomes an obstacle rendering it
impossible for another carrier to follow the same path.
Because in strictly 1D systems the probability of lateral
jumps is zero, any filled “primary” trap produces a
“secondary” localization center at a distance of the
order of the coulombic radius. In other words, a single
primary trap may localize several carriers. This phe-
nomenon was referred to as “degenerate trapping’ [27].

It is not simple to experimentally detect the polaron
formation. One possibility is using the technique of TSL
[28]. The method is based on the fact that TSL
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Fig. 3. Changes of Si—Si bond lengths (a) and Si—Si-Si bond angles
(b) during the positive polaron formation (a) in deca[methyl(phe-
nyl)silylene]. Symbols (@) are for defect-free case.
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measurements are performed after some dwell time on
samples, which have been photoexcited at liquid helium
temperature, and the initial distribution of polarons is
formed in the course of low-temperature energy relaxa-
tion. Polaron formation strongly affects both low-
temperature energy relaxation and thermally assisted
hopping of charge carriers in disordered material. If the
polaron binding energy is comparable with or larger
than the density-of-states (DOS) width, the energetically
downward hopping is strongly suppressed by the lack of
deeper vacant sites, which are only accessible for further
jumps at low temperatures. Therefore, after a fast initial
polaronic relaxation, the energy distribution of polarons
remains almost “frozen in” over the entire dwell time
between low-temperature photoexcitation of the sample
and the onset of the TSL heating run. With increasing
temperature, energetically upward polaron jumps be-
come the dominant hopping mode and these jumps
control the TSL kinetics. The polaronic contribution to
the activation energy of every individual upward jump is
equal to half of the polaron binding energy, E,/2, while
the low-temperature energy relaxation of polarons
within the DOS distribution is slowed down because
the polaron energy distribution is shifted down by E,.
This leads to a stronger polaronic effect on the low-
temperature relaxation than on the thermally stimulated
hopping. Therefore, at moderate values of E,, the
polaronic effect shifts the TSL peak to lower tempera-
tures as compared with its position for a material with a
similar DOS width and with E, =0.

The polaron occurrence can be treated by additional
infrared (IR) irradiation after photoexcitation and
before the TSL run measurement. IR irradiation causes
local heating in the environment of charged molecules
and at low temperatures efficiently stimulates energy
relaxation towards the deeper tail states of polarons.
Concomitantly, charge carriers get a possibility to
occupy those tail states, which would be accessible for
them when there were no polaron effects. This results in
the shift of the TSL peak towards higher temperatures
and in a decrease in its intensity. Experimental data for
PMPSi and poly[biphenyl-4-yl(methyl)silylene] (PBMSi)
are given in Fig. 4 [28]. The polaron binding energy in
PBMSi is higher because of the stronger charge coupling
to the torsional mode of the biphenyl unit and, there-
fore, we observe a larger shift of the TSL curve
maximum after IR irradiation.

Fig. 5 illustrates the dependences of the charge carrier
mobility, x, of a 3D PMPSi sandwich sample (thickness
ca. 2 um) on F, the electric field strength, at different
temperatures. In all cases, the mobility can be described
by an exp(fF"?) dependence for F>10" V m ' At
lower field strengths, u(F) becomes constant or in-
creases slightly upon reducing F. This behavior [12] is in
agreement with the data published by Bissler et al. [29],
but at variance with the data of Abkowitz and Stolka
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Fig. 4. Normalized TSL glow curves of (a) PMPSi and (b) PBMSi
measured after UV excitation at 4.2 K (curves 1 and 5) and after
additional IR irradiation (curves 2—4 and 6-8).

[30] who reported a In u vs. BF"? dependence extending
over two decades to F=10° V. m~!. These types of
dependences are usually treated in the framework of the
hopping disorder concept. The essential difference
between the polaron and disorder models is that the
latter, at variance with the former, implies a sufficiently
weak electron—phonon coupling and the activation
energy of charge transport reflects the static energy
disorder of the hopping sites. In contrast, the polaron
model suggests a strong electron—phonon coupling and
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Fig. 5. Electric field dependence of the mobility of PMPSi parametric

in temperature: 7 =295 K (curve 1), 312 K (curve 2), 325 K (curve 3),

355 K (curve 4), and 358 K (curve 5).
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a negligible contribution of energy disorder to the
activation energy of the carrier mobility. Since the
structural distortion is an intramolecular process, po-
laron binding energy Ej, is not subjected to meaningful
variation. Concomitantly, the polaronic charge trans-
port must obey the Gaussian statistics and the photo-
current transients should neither feature a long tail nor
become dispersive at any temperature. However, these
predictions were not confirmed experimentally in poly-
mers. In addition, the small polaron model fails to
account for the observed Poole-Frenkel-type field and
non-Arrhenius temperature dependences of the thermal
equilibrium carrier mobility. It was suggested [14,29,31]
that the zero-field activation energy of the mobility,
E¥*(F — 0), can be approximated by the sum of the
disorder and polaron contribution as

2
E:(F-»O):E$°1+E§iS=EP+4 ., )

’ 2 9(kT)
where EP' and E® are the polaronic and disorder
contributions, respectively, ¢ the energy width of the
DOS distribution, k the Boltzmann constant, and T the
temperature. Usually it is difficult to distinguish from
experimental data between u(1/7°) and u(1/T) depen-
dences. Then, the second term of Eq. (2) can be treated
as an apparent (effective) activation energy which can be
expressed as ES" = E/2+(8/9) o*/kT.

The polaron binding energy was determined for
PMPSi [29] as E,=0.16 eV, for PBMSi as E,=0.22
eV [12]. Recently, Pan et al. [32] reported a smaller value
of E,=0.08 eV for PMPSi. The E, values are still an
open question and need more measurements and
discussions. For PMPSi, the zero-field value of the
activation energy of the mobility was measured as
E*(F - 0)=0.29 eV. The effective value of the half-
width of the Gaussian distribution of the hopping states
c* was determined from the equation E¥(F — 0)=(8/
9o 2kT) as 0.093 eV (at room temperature). From
TSL studies, the value ¢* =0.096 eV was obtained in
good agreement with the transport data. The real value
of the width of the distribution of hopping sites ¢ would
be lowered by the polaron contribution (E}— (E,/2) =
80°/9kT); this yields o =0.078 eV.

It is interesting to try to change the transport
parameters by doping [12]. The dopands can be divided
into two groups: (i) materials with high electron affinity
and zero dipole moment, like 7,7,8,8-tetracyano-1,4-
quinodimethane (TCNQ), 2,3,5,6-tetrabromo-1,4-ben-
zoquinone (BR), 2,3,5,6-tetrachloro-1,4-benzoquinone
(CHL), and tetracene (TC), increase charge carrier
mobility and decrease the o* parameter [12]. The
mobility increases with increasing electron affinity of
the acceptor. At the moment it is not clear what is
responsible for this effect, the decrease in the polaron
binding energy or disorder parameter ¢; (ii) dopands

with high dipole moments, like o-dinitrobenzene (DNB)
or l-benzamido-4-nitronaphthalene (BANP), decrease
the charge carrier mobility, while the effective o*
parameter increases. The detailed analysis shows that
in this case charge—dipole interactions are important.
Two effects must be mentioned in this context: (1) a
broadening of the energy distribution of hopping states
[12,33-35]; the mobility depends on the dipole moment
(decreases with increasing dipole moment), the molecu-
lar dimensions of the additive, and the additive con-
centration. (2) New local states are formed in the
vicinity of dipolar species [36—38] even though these
molecules do not necessarily have to act as trapping
sites. It should be indicated that the polar species should
form traps for both electrons and holes. However,
contrary to the situation encountered in the case of
both the chemical traps and the ‘“‘conventional” struc-
tural traps, the electron and hole traps are formed in
different molecules: a molecule close to the negative pole
of the dipole should be a hole trap, whereas a molecule
close to the positive pole should trap electrons. If the
guest molecule is located in the vicinity of a structure
defect, such a feature of dipolar traps may lead to an
asymmetry of trapping parameters for electrons and
holes.

4. Electronic structure

Polysilylene chains, with two organic groups on each
silicon atom, behave as 1D systems with weak inter-
molecular interactions. Molecular features of the mate-
rial are reflected in the energy diagram of electronic
states. As follows from Fig. 6, three bands were detected
in UV absorption spectra [39] of PMPSi. The dielectric
function provides a reasonable fit of the reflectance
throughout the whole measurement range. While the
three high-energy bands are single broad Gauss—Lor-
entz profiles, the lowest energy band seems to be
represented by the cluster of several components. The
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Fig. 6. Real (dashed line) and imaginary (solid line) parts of complex
dielectric function and complex refractive index.
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complex refractive index, n+ik =+/¢, computed from
the dielectric function is also given in Fig. 6. It has been
shown [40] that the first longest wavelength absorption
band (Anax = 338 nm for solid PMPSi films) is mainly
due to delocalized c—o* transitions. The energy of these
transitions is conformation-dependent and also depends
strongly on the length of the molecule. The contribution
of m—n* transitions to the longest wavelength band is
weak in PMPSi. In polymers with polynuclear aryl
substituents (e.g. naphthyl, biphenylyl), this absorption
is better characterized as a localized m—n* excitation
with a participation of a weaker c—c* one. The n—n*
aryl-like excitations in PMPSi are responsible for the
shorter-wavelength absorption (maximum at about 276
nm for solid PMPSi). Using a (hv x ag)> vs. hv plot (xq is
the absorption coefficient), the band gap energy of
PMPSi was estimated as E, =3.5 eV. The band theory
calculations [41,42] have suggested that the first strongly
allowed optical transitions at 3.5-4.0 eV (calculated)
result from band-to-band transitions in PMPSi. The
lowering of E, in comparison with the value of 4.5 eV
for poly(dialkylsilylene)s was ascribed to a (o, ®) band
mixing at the valence band edge state [43] between the
skeleton Si 3p and 1 HOMO states of benzene rings as
side chain substituents.

The energy diagram is schematically given in Fig. 7.
At least three subbands associated with polymer
branching (Egp), defect states formed by the backbone
scission EM (E,— EM ~0.45¢eV) [16], and the charge-
transfer '(o, n*)CT state were detected at low tempera-
tures. In electroabsorbance measurements of PMPSi [44]
at 4.68 eV, a peak was found. This is evidently not the

result of a Stark shift of a normal absorption band but it
arises from electronic transitions that result in a large
change of polarizability and could be associated with
charge transfer among polymer segments or chains.

As it follows from the fluorescence emission measure-
ments, the photoluminescence (PL) of PMPSi (transi-
tion (i) in Fig. 7) consists of a relatively sharp band with
the maximum at 357 nm and a significantly broad
emission in the visible part of the spectrum. The sharp
emission is associated with the c*—c deexcitation. A
remarkable feature of the behavior of broad visible
luminescence is that its maximum at 5 K is situated at
about 415 nm, while at 7 > 100 K, the maximum is
shifted to about 500 nm [45]. The last mentioned
luminescence is, at least partly, associated with the
transitions from luminescent branching points Egp
(transition (ii) in Fig. 7). The important property of
the visible luminescence is that it is stronger when the
excitation is carried out by m—mn* transitions of the
phenyl substituent in PMPSi as compared with the -
o* excitation of the silicon skeleton. This could be
associated with the fast beginning geminate recombina-
tion of charges generated during the c—c* excitation.
The subsequent electron transfer to phenyl group forms
a charge-transfer (CT) exciton [46]. On the basis of the
detailed analysis of aryldisilanes and related compounds
[46], it was stated that the fluorescence from the
intramolecular charge-transfer state '(c, n%)“7 is located
at about 400 nm. Thus, we can assume that the short-
wavelength visible luminescence at about 415 nm is
associated with the emission from the (o, n*)¢T charge-
transfer state (transition (iii) in Fig. 7). It is interesting to
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test the charge-transfer luminescence during the forma-
tion of defect states, i.e. during the chain photodegrada-
tion (A =365 nm at room temperature). It is known
that the chain scission forms the trapping states (cf. E
level in Fig. 7) [16,47] for holes. Then, in addition to the
emission at 410 nm, a new band in the spectral region
520—-540 nm was observed. Visually, the color of the PL
changed from blue for a virgin sample to light-green for
the photodegraded sample. This effect could be asso-
ciated with interactions of intramolecular CT excitons
with holes localized at traps 0.45 eV (cf. EP level) deep
(cf. transition (iv) in Fig. 7). It follows from our previous
studies [16] that the trapping states are metastable and
can be annealed thermally. The transformation of PL
from blue to light-green follows the trap formation,
whereas the transformation of PL from light-green back
to blue follows the trap annecaling (measured at low
temperatures). Thus, the blue PL can be reversibly
switched to the light-green PL by UV irradiation at
room temperature and back from light-green to blue PL
by thermal annealing. It should be pointed out that the
blue PL recovery can also be stimulated by the 255 nm
light. This unexpected behavior can be explained by
photoexcitation of trapped electrons localized in the
benzene rings.

5. Charge carrier photogeneration

Optical excitations in polysilylenes lead to the charge
carrier photogeneration. If polymer (we will discuss here
an example of PMPSi) is excited by light of energy E >
4.7 eV, the charge-transfer state '(o, o*)“T is formed
(sce Fig. 7) and a direct electron transfer among
macromolecules is possible. In the external electric field
a photocurrent can be detected [48]. In the case of c—c*
and n—n* electronic excitations, somewhat more com-
plicated mechanism must be taken into account. Both
the excitations lead to the formation of the (o, 7*)¢T
charge-transfer state (bound ion pairs). The electron in
the phenyl radical anion is localized, whereas hole in the
radical cation state is delocalized over the silicon main
chain. Under the influence of an external electric field,
the ion pairs can dissociate and free charge carriers can
be formed. The electric field dependences of the photo-
generation efficiency, 7, as taken by the electrophoto-
graphic discharge method are shown in Fig. 8 for light
of Ainc =254 and 355 nm incident upon a positively
charged surface [49]. The full lines are the best fits using
the Onsager theory of geminate recombination modified
by the Gaussian distribution function of ion pair radii
[50]. The fitted parameters yielded primary quantum
efficiency 7, (the number of ion pairs created by one
photon) and separation distance rgy; for 254 nm illumi-
nation 7o = 0.9 and r, ranged from 1.5 to 3.0 nm (at high
and low applied electric fields), for 355 nm illumination

0

10

Quantum efficiency, n (electron/photon)

-5 |, 1 [ —t
107 10° 10°
Electric field, F (V/m™)

Fig. 8. Electric field dependences of the photogeneration efficiency
(T'=300 K) in PMPSi at /... = 355 nm (curve 1) and 254 nm (curve 2),
and in copolymer (PMPSi—DNPH, curve 3) at Aey. =355 nm. Full
lines are the best fits using the Onsager theory of geminate recombina-
tion with the distribution of radii of ion pairs. Taken from Ref. [49].
Curve 3 represents the dependence for PMPSi—DNPH copolymer (at
Aine = 355 nm).

no=0.45 and ry ranged from 1.3 to 2.6 nm. The ion
pairs with shorter separation distances can participate in
the dissociation step only at higher electric fields; these
pairs usually strongly recombine at low fields.

If some acceptor groups are chemically attached to
the polymer (e.g. copolymer PMPSi—DNPH; Scheme 1),
the separation distances are larger (see curve 3 in Fig. 8)
and the photogeneration efficiency is higher. The
geminate recombination is limited. The separation
distances for copolymer PMPSi—DNPH were found to
range from 1.6 to 3.2 nm (high and low electric field
values, respectively). The primary quantum generation
efficiency of ion pair formation was found to be twice
higher for PMPSi—DNPH than for PMPSi (Aex. = 355
nm) [51]; at a low field, the photogeneration efficiency
was more than one order of magnitude higher. Electron
acceptors make the electron transfer and the process of
formation of ion pairs more effective. Similar results
were obtained by acceptor doping [12].

It could be pointed out that some published quantum
efficiency vs. electric field dependences obtained by the
laser flash method on sandwich-type samples ITO/
PMPSi/Al [48,52] differ from the Onsager curves. Laser
flash measurements using different electrode materials
showed that in these types of samples the electric field
dependences of the apparent quantum efficiency 7 can
be analyzed in the frame of electrode-limited photo-
injection [53]. For the samples irradiated through ITO
electrode, the dependence followed the relation 5 =
1o exp( —bF~ ) where 5, and b are constants. For
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the irradiation through the gold electrode, the electrode-
limited photoinjection was not so strong and at higher
electric fields Schottky emission prevailed; the electric
field dependence of the photogeneration efficiency could
be fitted by the relation 5 =, exp(aF"* —bF~1?),
where a and b are constants. Thus, the contactless
electrographic discharge method is the best way to get a
true dependence of the photogeneration efficiency on
electric field.

To get more information about the formation of ion
species during the excitation, the flash photolysis
experiments were performed. Fig. 9 shows transient
optical absorption spectra of PMPSI in tetrahydrofuran
solution which were obtained during the 20 ns flash of
the 347 nm light. The spectrum shows a rather strong
maximum at 380 nm and two weaker maxima at about

1.0x10° T r r T
——s— 0 us after flash

8.0x10° S 248 1
cesdee  Bpus

Absorbance, A

Wavelength, A (nm)

Fig. 9. Flash photolysis spectra of PMPSi in Ar-saturated tetrahy-
drofuran solution (Aexc = 347 nm).

(TC) (DNB)

C|3H3 ?Ha cl;Hs
— sif- -+ éi—E éﬁ;
CH
O ;
NO,
(PBMSi) (PMPSi-DNPH)

§ edines S Qe

(BANP)

™M)

Scheme 1. Chemical structures of materials mentioned in this paper.

420 and 460 nm. The absorbance in the main maximum
was determined as 0.009. The spectrum in the solid state
shows a similar character.

The peak at 380 nm is ascribed to absorption of
poly(silylene) radical cation according to literature data
[54,55]. The half-time of the radical cation can be
estimated from decay curves as about 50 pus for PMPSi
in solution, and about 20 ps for PMPSi in the solid state.
The weaker absorption in the spectral region 400—500
nm could be attributed to silyl radical °SiR, [56], partly
to silylene biradicals :SiR; [57]. Phenyl anion radicals
could not be detected in our experiments because it
absorbs mainly at 260 nm [58]. During the photoexcita-
tion of Si skeleton electrons, the bonding electron is
transferred into the non-bonding state and a cation
radical is formed. The process is also accompanied by
the formation of weak Si—Si bonds and bond scission.
In the oxygen atmosphere very often siloxane structures
are formed, and in oxygen-free atmosphere the process
of the formation of weak Si—Si bonds and hole traps is
reversible. If the electrical conductivity detection
method [14,15,51] was used simultaneously with the
technique of optical transient absorption, a photocur-
rent was detected. Kinetic measurements of the decay of
both optical absorption and photocurrent after the flash
revealed in all cases a correlation between the decay
rates of the absorbance at 380 nm and the photocurrent,
thus substantiating that the ionic species detected by
changes in the electrical conductivity are light-absorbing
at this wavelength. The determined quantum yield of the
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radical cation formation, #(ion)=1x10"2 ion per
photon (for PMPSi/THF), is much higher than rate
constants of diffusion-controlled reactions which might
indicate a strong delocalization of ionic sites in the
polymer backbone.

6. Polysilylene-based molecular devices

Quite efficient charge carrier transport properties of
polysilylenes and possible modulation of the charge
carrier mobility by charge—dipole interactions give a
possibility to design a molecular electronic element,
light-driven molecular switch [6,11]. The switch consists
of a o-conjugated molecular wire with photochromic
side units chemically attached via a spacer [6,36]. There
are many photochromic materials which can be used for
this purpose (see, for example, Ref. [59] and references
therein); here, we mention 6-nitro-1’,3",3’-trimethyl-
spiro[2H-chromene-2,2’-indoline] (see Scheme 1 (S—
M)). The dipole moment of the stable form of a spiro
molecule (S) amounts typically to 2—7 D depending on
substituents attached to its skeleton; the dipole moment
of the respective metastable form (merocyanine, M) may
exceed 15 D. The overall mechanism can be described as
a heterocyclic bond cleavage and ring opening, but there
are also cis—trans transition and triplet—triplet contri-
bution to the mechanism.

There are two limiting factors for the chemical
structure of the spacer. The spacer can be ‘“‘quasi-
neutral” from the point of view of the charge transfer
or it can freely transfer the charge during the formation
of the dipole in the side group. In the former case, the
electrostatic contribution of the polar side groups, based
on the charge—dipole interactions, is the most important
factor influencing the behavior of the charges on the
molecular wire and can lead to the formation of a
quantum-wall structure (see Fig. 10) [35]. In the latter
case, the situation is more complex: the change of the
chemical structure and a charge redistribution on the
substituent, and a charge redistribution between the

Fig. 10. Changes of local values of the polarization energy in the
model system due to the presence of an array of eight parallel dipoles,
4D each. The array extends along the x-axis and the dipoles are
parallel to z-axis. The distances between neighboring dipoles mimic the
situation in PMPSi—-DNPH copolymer containing 20% polar groups.

molecular wire and the photochromic group during the
photochemical transformation may influence the ioniza-
tion energy of the entire polymer segment containing the
polar side group. Such a modification may result in the
formation of a chemical charge carrier trap on the
segment [60]. The formation of local states for holes
during the photochromic transformation can also be
inferred from the character of the orbitals as follows
from Fig. 10 [11]. The character of the HOMO *“S”
orbital of PMPSi-S (PMPSi with spiropyran side group)
Fig. 11 is nearly the same as that of PMPSi; a higher
energy (cf. the energy scale in Fig. 7) orbital HOMO-1
“S” localized. During the phototransformation the
orbital HOMO “M” maintains nearly the same energy
level, as HOMO “S” but orbital HOMO-1 “S” is shifted
to a lower energy and represents actually a localized
HOMO-LOC “M” level. Thus, after the phototransfor-
mation, the charge is localized on the M side group. To
be re-activated to the main chain, this charge should
overcome the potential barrier [E(HOMO-Si)—
E(HOMO-LOC “M”)] ~0.5 eV and move through the
backbone. Alternatively, it can tunnel between the side
groups of the molecular wire provided the intersite
distances are sufficiently short.

7. Conclusion

Electronic transitions of polysilylenes are influenced
by one-dimensionality of the chain and weak intermo-
lecular interactions. The energy gap is determined by
HOMO and LUMO levels, giving the value 3.5 eV for
PMPSi. In addition to '(o, 6*) (main chain) and '(r, 7*)
(side groups) excited states, the charge-transfer '(o,
7*)T state plays an important role in the photocon-
ductivity and luminescence.

The charge carrier photogeneration is a multistage
process which includes:

1) o—oc* excitations of the Si backbone and/or m—m*
excitation of the m-conjugated side groups and
formation of (o, n*)T charge-transfer state.

ii) The relaxation of the charge-transfer state and
polaron pair formation.

iii) The dissociation of the polaron pair into free charge
carriers in an external electric field.

The charge carrier (hole) transport proceeds predo-
minantly along the o-delocalized Si backbone with
participation of interchain hopping and polaron forma-
tion. A model of disordered polarons seems to be
adequate to describe the charge carrier transport proper-
ties. The intragap level of the hole polaron actually
represents the pertinent “transport state”.

Good solubility and ability to form thin films of good
optical quality, optical nonlinearity, efficient lumines-
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Fig. 11. HOMO orbitals of the PMPSi molecular wire with spiropyran side groups in closed S and open M form. HOMO-LOC “M” means the

orbital where charge is localized after the phototransformation.

cence, high charge carrier photogeneration efficiency,
and mobility suggest that this group of polymers could
be used for optoelectronic applications in the future.
Good transport properties allow to use the polysilylene
skeleton as molecular wire in molecular electronic
devices.
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