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INTRODUCTION

Conjugated organic polymers have attracted
considerable interest because of their large optical non-
linearities. The fast and large nonlinear nonresonant
response, high laser damage threshold, and synthetic flex-
ibility make these materials very promising for electro-
optic modulation, frequency generation, and all-optical
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switching [1–3]. To achieve high values of the first and
the second hyperpolarizabilities, two chemical methods
are used: (i) the introduction of donor-acceptor substitu-
tents into the polymer structure or (ii) the preparation of
polymeric blends affording charge transfer between the
components. Organic polysilanes with an all-silicon back-
bone and aliphatic or aromatic substituents have been
extensively studied from theoretical and experimental
points of view because of their potential uses as con-
ductor, photoresistant and high-density optical data storage
materials [4–6]. It has been shown [7] that these poly-
mers exhibit nonlinear optical properties but because of
the �-� conjugation of the silicon backbone the meas-
ured values of the nonlinearity are not large. To improve
the conducting properties �-� conjugated copolymers
including biphenylene and anthracene units in the silicon
backbone were synthesized and their optical characteris-
tics and photoconductivity have been studied [8,9]. With
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the aim of achieving large values of nonlinear optical
characteristics we have synthesized novel conjugated poly-
mers incorporating silicon and various aromatic groups
linked by the -C�C- group in the polymeric chain, giv-
ing rise to extensive �-electron delocalization [10]. The
spectroscopic properties of two such polymers are dis-
cussed here.

EXPERIMENTAL

Preparation of the Polymers

Polymers I and II (Fig. 1) were prepared by
palladium-catalysed Sonogashira coupling between
diethynyldiphenylsilane and 4,4�-dibromobiphenyl or
2,7-dibromofluorene, respectively, as previously described
[11].

Spectroscopic Measurements

The absorption spectra of the polymers in solution
were recorded using a Cary-500 spectrophotometer.
Fluorescence spectra, fluorescence excitation spectra,
and steady-state fluorescence polarization measurements
were performed by means of an SLM-4800 spectro-
fluorimeter equipped with two calcite Glan-Thompson
polarizers. Spectral bandpass of both excitation and
emission monochromators was 2.5 nm. The polariza-
tion spectra were collected as usual, with polarization
defined by

(1)

where III and I are intensities measured with vertically
polarized excitation and the fluorescence polarization plane
parallel (II) or perpendicular ( ) to the excitation. Intensity
values of polarized components were corrected for the
transmission efficiency of the polarized components by
detection optics.

⊥

⊥

P �
III � I⊥

III � I⊥

Time-resolved fluorescence measurements were
performed using FL920 fluorescence lifetime spec-
trometer (Edinburgh Instruments, Livingston, UK)
operating in the time-correlated single-photon counting
mode. Spectral bandpass of both excitation and emis-
sion monochromators was 8 nm. For the detection a
photomultiplier tube 1P28 (Hamamatsu) with a rise time
of 2.2 ns was used. The samples were excited by nF900
nanosecond flashlamp (Edinburgh Instruments,
Livingston, UK) filled with nitrogen gas (1.1 bar, 6.4
kV, 0.3 mm electrode separation, operated at 30 kHz).
All decay traces were measured using an 1024-channel
analyzer. The number of peak counts was approximately
5 � 103. The time resolution per channel was 49 ps.
The measurement time varied from 10 min to 23 min,
depending on �ex and �em. For data analysis, commer-
cial software by Edinburgh Instruments was used. The
experimental data were analyzed using Marquardt-
Levenberg algorithm. The results of the data-fitting pro-
cedures were judged by the 	2 value and randomness
of weighted residuals. The picosecond laser system used
for pump-probe experiment consists of a passively
mode-locked Nd3�:phosphate glass laser with nega-
tive feedback and intracavity single-pulse extraction,
two-stage amplifier providing 3 
 4 ps pulse at
1.055 �m with energy of 2 mJ and repetition rate of
2 Hz. The pump pulse at 351 nm was obtained by
frequency tripling in BBO and KDP crystals. The broad-
band picosecond continuum probe pulse (400
nm–900 nm) was generated by focusing the fundamental
pulse into a cell containing D2O. We carried out two
kinds of experiments: (i) spectral dynamics measure-
ments were performed using a polychromator and a
CCD-camera for delay times up to 1400 ps and the
pump beam was linearly polarized at angle 54.7 degrees
with respect to the probe pulse to exclude orientational
effect in the measured dynamics and (ii) the dynamics
of energy migration were recorded at selected wave-
lengths by the picosecond polarization spectroscopy
method [12]. The cell containing polymer solution was
placed in the path of a probe pulse between two crossed
Glan-Thomson polarizers. Both pump and probe pulse
were linearly polarized, the angle between polarization
planes being 45 degrees. The pump pulse creates
anisotropic distribution of excited centers. The relax-
ation of the anisotropic distribution was measured using
various spectral regions of picosecond continuum probe
pulse selected by interference filter (�� � 8 nm). These
regions were chosen to coincide with photoinduced
absorption from the excited state. The normalized sig-
nal I(��)//I1(��) of probe pulse transmittance through
the analyzer depends on the photoinduced anisotropyFig. 1. Synthesis route and structures of polymers I and II.
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degree of solution under study and is described by the
equations:

(2)

(3)

where I,I1 are the intensities of transmitted and incident
probe pulse, respectively, fl is the fluorescence lifetime,
R is the excitation energy migration time constant, and
D is the delay time between probe and pump pulses.
All the experiments below were carried out at room tem-
perature. All samples used did not show any sign of pho-
tochemical degradation. Chloroform (Merck Darmstadt,
Germany) was chosen as a solvent.

RESULTS AND DISCUSSION

Steady-State Measurements

The two polymers studied have similar structures,
the backbone containing a diethynylenesilylene group
and either a biphenylene or fluorene moiety (Fig. 1).
Both polymers are of similar molecular weight, each con-
taining approximately 25 units [11]. The fluorene group
in polymer II may be regarded as a biphenylene with a
bridging methylene group keeping the two benzene rings
coplanar. In polymer I the two benzene rings in the
biphenylene unit are free to rotate around the single bond
between them, thus interrupting any along-chain conju-
gation. Indeed, the �(C�C) IR stretch for I occurs at
higher energy than for II [11], indicating more extensive
electron delocalization along the backbone for the
fluorene-containing polymer.

Figure 2 shows the absorption (a) and fluorescence
spectra (b, c, d) of polymers I (panel A) and II (panel B)
in chloroform solution. The first absorption band of poly-
mer I has a smooth shape, with a maximum at 306 nm and
a weak shoulder at 350 nm. The fluorescence spectrum is
shifted to longer wavelengths displaying a maximum at
345 nm and a vibronic satellite with a maximum at 361 nm
and shoulder at 381 nm. The quite large Stokes’ shift
between the absorption and fluorescence maxima for I pro-
vides evidence for essential energy dissipation before light
emission. Such dissipation may be caused by either random
walk of the photogenerated excitations toward lower energy
segments or the different nature of absorbing and emitting
electronic states. The position and shape of the fluores-
cence spectrum do not depend on the excitation wavelength
in the 280–340 nm spectral range. Under excitation in the

��1 � 2(��1
fl � ��1

R )

I(��)

I1(��)
 exp1 � �D>� 2

region of the long-wavelength shoulder of the absorption
spectrum (�ex � 345,350 nm), the fluorescence spectrum
changes drastically and displays a distinct maximum at
384 nm (Fig. 2 A). The fluorescence excitation spectrum
generally coincides with the absorption spectrum and
includes the shoulder in the 350–360 nm spectral region,
which becomes more pronounced when the fluorescence
is measured at � � 380 nm.

The introduction of the fluorene group into the main
chain instead of biphenylene leads to a long-wavelength
shift and a structured absorption spectrum of polymer II,
as shown in Fig. 2 B, thus giving evidence of a higher
degree of electron delocalization along the polymer back-
bone in polymer II because of the coplanar position of
the two benzene rings. Although the fluorescence spec-
trum of polymer II is shifted too, it has the same shape as
that of polymer I. The main spectroscopic features of
polymer I, such as Stokes’ shift, the coincidence of fluo-
rescence excitation and absorption spectra, and the
dependence of fluorescence spectra on excitation wave-
length are also specific to polymer II. The smaller Stokes’
shift for II is consistent with more extensive delocaliza-
tion along the polymer chain.  The nature and kinetics of
electronic excitation in conjugated polymers can be well
described in terms of molecular approach to the problem
[13]. Within this approach a conjugated polymer is treated
as an array of localized subunits separated by topologic
faults arising from the disorder in noncrystalline polymer.
The variation of both the environment and the effective
conjugated length results in an ensemble of segmental chain
units and the formation of an inhomogeneous broadening

Fig. 2. Absorption (a) and fluorescence (b, c, d) spectra of polymer I
(panel A, b: �ex � 330 nm; c: �ex � 345 nm; d: �ex � 350 nm) and
polymer II (panel B, b: �ex � 330 nm; c: �ex � 345 nm; d: �ex �

350 nm) in chloroform solution.
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Fig. 3. Excitation polarization (a) and fluorescence polarization (b, c,
d, e) spectra of polymer I (panel A, a: �ex � 390 nm; b: �ex � 305
nm; c: �ex � 330 nm; d: �ex � 340 nm; e: �ex � 350 nm) and poly-
mer II (panel B, a: �ex � 390 nm; b: �ex � 325 nm; c: �ex � 340 nm;
d: �ex � 350 nm; e: �ex � 360 nm).

of electronic states. Let us define the segments corre-
sponding to the shorter conjugated length as short segments
and that corresponding to the longer conjugated length as
long segments. All the above presented spectroscopic results
suggest that emission occurs from thermalized �-electronic
segments after vibrational relaxation and energy migration
over disordered segments of the polymeric chain.

Polarization Measurements

To investigate energy migration further we measured
the polarization characteristics of fluorescence (Fig. 3 A,
B). Curves (a) show excitation polarization spectra of
polymer I (panel A) and polymer II (panel B) registered
at �em � 390 nm. As can be seen from the curves for both
polymers, the common spectral features are revealed. At
short-wavelength excitation, mainly short polymeric
segments are excited and effective energy migration
toward more extended, and consequently more planar and
low-energetic, segments takes place. This process causes
the fluorescence depolarization. On the other hand, at
long-wavelength excitation, mainly the longest segments
form the fluorescence spectrum and a high value of fluor-
escence polarization degree is registered. Thus the data
presented give strong evidence of directed excitation
energy migration along disordered polymeric chains con-
sisting of segments with various conjugation lengths. Such
polymer structure leads to inhomogeneous broadening of
the electronic states. It is established [14] that optical
excitation migration in organopolymeric systems is gov-
erned by Forster mechanism because of dipole-dipole
interaction between segments. The interaction is strongly

dependent on the orientational factor, the distance between
hopping sites, and their energy differences. Therefore the
rate constant of fluorescence depolarization is depend-
ent on excitation wavelength and increases as the exci-
tation wavelength increases. Fluorescence polarization
spectra (curves b, c, d, e Fig. 3 A, B) for both polymers
yield valuable information concerning the structure of the
emission band. At excitation into the short-wavelength
region of the absorption spectrum (curves b Fig. 3 A, B),
fluorescence polarization degree is higher in the blue side
of the emission band than that in the red side. The increase
of excitation wavelength (curve c Fig. 3 A, B) causes the
growth of polarization degree across the whole fluores-
cence band. The fluorescence polarization spectra (curves
d and e Fig. 3 A, B) excited at the red edge of absorption
band display two spectral regions with different but
approximately constant polarization values—a short-
wave-length region (lower P) and a long-wavelength
region (higher P). The difference between corresponding
polarization degree values is dependent on excitation
wavelength and increases with the wavelength increase
(curves d and e Fig. 3 A). This difference exceeds
experimental error (2%).

In addition, comparison of curves b and c in Fig. 3 A
and B shows that fluorescence polarization degree is gen-
erally higher for polymer II than for polymer I. This again
is consistent with more extensive electron delocalization
along the backbone for polymer II than for I.

Time-Resolved Measurements

Table I presents the fluorescence lifetime for both
polymers measured at various wavelengths of the fluor-
escence spectrum, the excitation wavelength being at
the first absorption band of the polymers. Although the
best fits were obtained using double-exponential fitting,
the part with  � 600 ps (polymer I) and  � 800 ps (poly-
mer II) dominates. It should be noted that the fluores-
cence lifetime slightly increases to the red side of the
fluorescence spectrum as does the weight of the long-
lifetime component. The data prove inhomogeneous
broadening of the excited state. More detailed investiga-
tion and global analysis of a large set of decay curves
are needed to make further conclusions.

We have measured the energy migration time con-
stant R (3) in long polymeric segments by the picosec-
ond polarization spectroscopy method. As can be seen
from the polarization data, the third harmonic pulse of the
Nd3�:phosphate glass mode-locked laser (� � 351 nm)
excites mainly such kind of segments. The probe wave-
lengths of the picosecond continuum pulse (�PA) were
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Table I. Fluorescence Lifetime of Polymers Measured at Various Wavelengths of the Fluorescence Spectrum

Polymer I (�ex � 307 nm) Polymer II (�ex � 340 nm)

fl(ns) fl(ns)
�em(nm) (weight) 	2 �em(nm) (weight) 	2

360 0.6 (1.0) 1.100 – – –

0.6 (0.97) 0.84 (0.97)
380 1.066 380 1.220

2.5 (0.03) 6.84 (0.03)

0.65 (0.96) 0.93 (0.99)
425 1.082 420 1.154

2.26 (0.04) 9.26 (0.01)

0.64 (0.9) 0.94 (0.93)
460 1.084 460 1.176

2.76 (0.1) 6.59 (0.07)

Fig. 4. Semilogarithmic plot of normalized probe signal I/I1 versus
time delay measured in polymer I solution at �PA � 660 nm.

Table II. Energy Migration Time Constant (R, ps) Measured
Across the Higher-Lying Excited State Absorption Spectrum

R(ps)

�PA(nm) Polymer I Polymer II

660 600 � 30 700 � 35
760 700 � 30 780 � 30

chosen in the near-infrared region where photoinduced
absorption spectrum of higher-lying electronic states is
located (see below). From the experimental data presented
in Fig. 4 and Table II, it may be concluded that the decay
process of excited-state anisotropic distribution for both
polymers (600–780 ps) is faster than expected for purely

rotational depolarization involving the whole polymeric
chain. In addition, the depolarization time constant depends
on the photoinduced absorption wavelength. To our mind,
the former is a result of energy migration between long
polymeric segments while spectral dependence of the
excitation depolarization time provides evidence for
inhomogeneous broadening of the first excited electronic
state.

The results presented show that the singlet excita-
tions hop randomly over energetically and positionally
disordered segments of the conjugated polymer. During
this hopping the excitation can reach a segment or side
substituent where charge separation can take place [15].
Such a process plays a crucial role in many practical
applications of �-conjugated polymers. Formation of the
low-energy charge transfer state is of importance for non-
linear optical materials because such a state participates
in the third-order nonlinear optical response and essen-
tially enhances it [16]. To study the possible channels of
excitation energy redistribution we measured the dynamics
of the photoinduced absorption of polymers I and II within
the spectral range of 400–900 nm. Figure 5 shows the
differential transmission spectra for various pump-probe
delays (D) recorded for polymer I. We observed a strong
absorption band at 710 nm (PA1), with a peak at 580 nm
and a shoulder at 500 nm (PA2). All these features are
already evident at 5 ps time delay, indicating their for-
mation within the pump pulse duration. The dynamics of
the PA1 and PA2 bands can be determined by �T/T meas-
urements at fixed probe wavelength as a function of the
pump-probe delay. To find out what kind of excitation
is responsible for the PA1 band the temporal evolution
of transmittance was registered at 710 nm and 750 nm.
A fitting procedure showed that the curves were best
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Fig. 6. Schematic energy level diagram for two electronic states (1, 2)
of the polymers. S0, S1

FC, Ground and Frank-Condon excited electronic
states, respectively; S1

eq, equilibrium excited electronic states; PA, pho-
toinduced absorption; ET, energy transfer.

Fig. 5. Transmission difference spectra of polymer I solution excited
at � � 351 nm for various pump-probe delays.

approximated by double-exponential law with two decay
times: short (35 ps) and long (600 ps). The correspon-
dence of the measured long decay time to the fluorescence
lifetime allows this band to be ascribed to excited-state
absorption from the electronic states that predominantly
form the fluorescence spectrum. Temporal evolution of
the PA2 band measured at its maximum (580 nm) and
shoulder (500 nm) was well described by a single-
exponential law with rise time of 40 ps and decay time
of 1400 ps. The photoinduced absorption features of poly-
mer II are characterized as follows: the PA1-band cen-
tered at � � 800 nm (short decay time, 15 ps; long decay
time, 700 ps); the PA2-band with �max � 560 nm and
shoulder at 480 nm (rise time, 15 ps; decay time
�1600 ps). It should be noted that in all the kinetic
experiments the population of the excited states was a
linear function of the excitation intensity so that a
bimolecular quenching process could be ruled out. The
formation and decay of the triplet T1 state could be also
ruled out because of the high value of the PA2 band
absorption detected immediately after excitation. The
dynamics of the PA2 band can be explained by a process
in which singlet excitation while traveling along disor-
dered polymeric chain meets lower-lying electronic states
where charge separation can take place. In this way
charge-transfer states or ion-radicals are formed. In
particular, the (� - �*) excitation of the polymer phenyl
side group at Si atom can cause the formation of such
an electron-accepting site [17]. The spectral position of
the PA2 band is close to the photoinduced absorption
of polarons in m-LPPP and other phenyl-based materi-
als [18]. However, the excitation in our experiment was
done at 351 nm far to the red spectral region with respect
to the (� - �*) transition of the benzene rings, and this

mechanism of charge separation also can be excluded.
Recent experimental and theoretical studies [19–22] have
revealed the lowest singlet states in conjugated polymers
such as substituted poly(phenylacetylene)s to be the
optically forbidden 2Ag state lying below the 1Bu state.
It was shown that processes of internal conversion from
the 1Bu state to the 2Ag state, geometrical relaxation from
an acetylene-type to a butatriene-type structure, and
thermalization in the main chain populate the forbidden
state that decays mainly nonradiatively. We suppose that
two kinds of electronic states in the polymers studied are
present. These states are formed by conformational
disorder in the polymeric chain.

Let us summarize the spectroscopic features inher-
ent to both polymers. (i) The absorption and fluorescence
excitation spectra display distinctly a weak band shifted to
long-wavelength with respect to the first absorption band.
(ii) Excitation into this weak band produces a fluorescence
spectrum with a maximum at 384 nm shifted to the red
with respect to the main fluorescence band. (iii) The flu-
orescence lifetime measured in the long-wavelength region
of the fluorescence band contains a long-lived component.
(iv) The fluorescence polarization spectra reveals the par-
ticipation of another electronic transition taking part in the
formation of a long-wavelength tail of the fluorescence
spectrum. All these results suggest a lower-lying electronic
transition formed in the polymeric chain. Based on these
findings and the data derived from the investigation of
the photoinduced absorption dynamics we propose the fol-
lowing model of energetic states and transitions consistent
with the experimental results (Fig. 6). The excitation at the
red edge of the absorption band (�ex � 351 nm) popu-
lates both higher-lying (Fig. 6 1) and lower lying (Fig. 6 2)
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electronic states. Keeping in mind the spectroscopic char-
acteristics of both inhomogeneously broadened states we
believe that the first type of state is formed by short poly-
meric segments with essential conformational distortion of
the subunits and the second one by more planar segments
with extended conjugation length. The photoinduced ab-
sorption (PA1) band belongs to the states (Fig. 6 1) and
the PA2 band to the states (Fig. 6 2). The fast decay time
component of the PA1 band relaxation and the correspon-
ding fast rise-time of the PA2-band provide evidence for
excitation energy transfer (ET) from the states (1) to the
states (2). The long decay times of both PA bands are gov-
erned by radiative and nonradiative relaxation constants of
states (1) and (2).

CONCLUSION

The spectroscopic characteristics of two novel
�-conjugated polymers containing four-coordinated
silicon and aromatics (biphenylene, fluorene) included
in the main chain have been measured. The analysis of
the absorption and fluorescence excitation spectra, the
dependence of the fluorescence spectrum on excitation
wavelength, the fluorescence lifetime spectral depend-
ence, and the spectral dependence of the fluorescence
polarization degree all suggest the presence of two types
of electronic states in the chain formed by polymeric
segments of different length and conformational struc-
ture. The steady-state fluorescence polarization spectra
reveal fast energy migration along the polymeric chain
after excitation and quasiequilibrium state formation
before light emission.

Time-resolved anisotropy measurements showed that
the dynamics of energy migration between extended
polymer segments are comparable with the fluorescence
lifetime. The dynamics of the photoinduced absorption
were measured in the 400–900 nm spectral range with
picosecond time resolution. The long-wavelength band
with �max � 710 nm is ascribed to excited-state absorp-
tion arising from higher-lying electronic states. The short-
wavelength band with �max � 580 nm and a shoulder at
500 nm was interpreted as a photoinduced absorption
arising from the lower-lying state populated during direct
excitation and energy migration between disordered
segments of the polymeric chain.

For the fluorene-containing polymer, the smaller
Stokes’ shift and the greater degree of fluorescence
polarization are consistent with more extensive electron
delocalization along the backbone. In this case the two
benzene rings are held in a coplanar arrangement favorable
to along-chain conjugation.
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