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The real-time vibrational spectroscopy was utilized to obtain both electronic and vibrational dynamics in a
conjugated polymer under the same excitation and probing condition by using the same sample and observing
at the same time. Most of the conjugated polymers are in an amorphous phase, in which there is a relatively
broad distribution of chain length, conjugation length, and degree of interaction strength between neighboring
chains. Because of the varieties, a simultaneous measurement of electronic and vibrational dynamics in a broad
spectral range is considered to be most powerful to study such systems as conjugated polymers. In the present
paper, we performed this type of experiment of the simultaneous probing of electronic and vibrational relax-
ations at 128 wavelengths. The sample studied here is an amino-moiety-containing conjugated polymer,
poly��3-hexylthiophene-2,5-diyl�-�p-dimethylaminobenzylidenequinoidmethene�� �PHTDMABQ�, whose
monomer is a derivative of a thiophene oligomer. The light source is a few-cycle pulse laser with an ultimate
time resolution of 0.2 fs in the visible and near IR ranges. The data containing both electronic relaxation and
vibrational dynamics were analyzed to obtain a more reliable relaxation mechanism of the excitations than a
combination of individual studies of electronic and vibrational relaxations. By utilizing the ultrafast pump-
probe spectroscopic system, we could identify the exciton state with a �-electron delocalized in benzilidene
ring. In the polymer PHTDMABQ, the geometrical relaxation from the free exciton to the exciton polaron
takes place in 60–100 fs. This time is close to that observed in several polydiacetylenes previously reported.
The C-C single bond stretching frequencies of the free exciton and exciton polaron are about 1300 and
1350 cm−1. The coherent molecular vibration after the geometrical relaxation is considered to be a kind of
reaction induced coherence. This coherent vibration decays with the time constant of about 450 fs.
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I. INTRODUCTION

The coexistence of semiconductivity, plasticity, and
chemical design flexibility makes conjugated polymers re-
markable materials, since these properties are expected to be
very useful for electro-optical applications in various
circumstances.1–4 The efficiency and the dynamics of el-
ementary excitations in this class of materials were the sub-
jects of intense research activities.5–8 These materials, in-
cluding conjugated polymers, have recently been a focus of
research on new nonlinear optical �NLO� materials because
of their often ultrafast and large third-order NLO susceptibil-
ity, which is expected to be useful in devices such as all-
optical switches.

There are two groups of conjugated polymers classified in
terms of the degeneracy of their electronic ground state.
They are those with the degenerate and nondegenerate
ground states. The former has nonlinear excitations of soli-
tons and charged polarons as in trans-polyacetylene.6 The
latter has a nonlinear excitation of neutral bipolarons �some-
times called exciton polarons or self-trapped excitons� as in
cis-polyacetylene and polydiacetylene.5,6,9 The ultrafast geo-
metrical relaxation takes place just after photoexcitation by
any small but finite vibronic coupling in such a one-
dimensional chain because of the general feature of instabil-

ity of such excitations in a low-dimensional system.6,9,10 Be-
cause of an ultrafast drastic spectral change associated with
the electronic stabilization induced by the spontaneous relax-
ation, they exhibit both absorptive and dispersive ultrafast
optical nonlinearities.9 Since this ultrafast relaxation takes
place via vibronic coupling, it is of vital importance to study
the mechanism and dynamics of vibronic coupling to clarify
the ultrafast nonlinear optical dynamics.

Most of the morphology of conjugated polymer systems is
amorphous except for a few polymers, which can form single
crystals such as several polydiacetylene derivatives.9,11–16

Therefore, such amorphous polymers have highly inhomoge-
neous electronic states due to the distributed degrees of po-
lymerization and conjugation lengths. They are also expected
to be inhomogeneous in their vibrational properties. Further-
more, they have various degrees of interaction strength and
different types of interactions such as main chain–main
chain, main chain–side group, and side group–side group
interactions. Therefore, the relaxation dynamics of electronic
states coupled to vibrational levels, which results in elec-
tronic relaxation, is considered to be very complicated be-
cause of the various contributions of the inhomogeneous sys-
tem to the relaxation mechanisms depending on the
properties of electronic states and vibrational levels. In order
to disentangle the inhomogeneity of decay dynamics, it is
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needed to study both electronic and vibrational dynamics for
the same system under the same condition. It is highly de-
sired that the measurements of the two dynamics is to be
made at the same time or, at least, by using the same light
source and detection system. In general, the electronic relax-
ation dynamics is studied by conventional pump-probe ex-
periments, degenerate four-wave mixing, and several other
methods such as pulsed light pump-photoacoustic probe. Vi-
brational relaxation has been mainly studied by time-
resolved Raman scattering spectroscopy or time-resolved in-
frared �IR� absorption spectroscopy. In these experiments,
most frequently, an ultraviolet or visible pump pulse gener-
ates excited states or starts a photochemical reaction, and a
probe pulse detects the change in the Raman or IR
spectrum.17–19

The methodology used in the present study is the femto-
second pump-probe real-time spectroscopy technique. This
was applied to investigate both the vibrational and electronic
dynamics in a molecule. Compared with conventional vibra-
tional spectroscopies, such as infrared absorption and Raman
scattering techniques, this method has the following five ad-
vantages: �1� resonance Raman signals are very frequently
overwhelmed by the fluorescence signal, especially in the
case of highly fluorescent molecules. In contrast, in the case
of real-time vibrational spectroscopy, the effect of spontane-
ous fluorescence can be almost eliminated because of a much
more intense and spatially coherent probe beam than sponta-
neous fluorescence. �2� The low frequency modes can easily
be studied by pump probe as long as a few quanta of the
modes can be covered within the width of the laser spectrum
with nearly constant phase; however, it is difficult to detected
by using a Raman scattering method due to intense Rayleigh
scattering of the excitation beam. For example, modes with
lower frequency than 200 cm−1 are difficult to detect by the
conventional Raman spectroscopy, but it is easy to measure
by the real-time spectroscopy. �3� As a pure time domain
technique, the pump-probe method enables a direct observa-
tion of vibronic dynamics including time-dependent instan-
taneous frequencies. In the case of conventional time-
resolved vibrational spectroscopy, a time-dependent
frequency can be detected with a much longer time step than
the pulse duration. Therefore, the change to be followed is in
the time step of a subpicosecond regime. Hence, it is difficult
to detect a change in this vibrational frequency within an
oscillation period. On the other hand, in the case of real-time
spectroscopy, using the time step of 0.1 or 0.2 fs �as used in
our group�, a very small change in frequency shifting can be
detected nearly continuously in real-time domain. In the case
of time-resolved Raman spectroscopy, Raman spectra at de-
lay times are taken, but the difference between the delay
times cannot be well controlled in a sub-1-fs time range.
Therefore, molecular structural change information like that
in the transition state cannot be detected. �4� The real-time
spectroscopy can provide information on vibrational phase,
which can never be obtained with conventional Raman or
infrared spectroscopy. �5� By using real-time spectroscopy,
we can simultaneously investigate the dynamics of vibra-
tional modes coupled to the electronic transition in relation
to the decay dynamics of the electronic excited states under
exactly the same experimental conditions.

Recently, an IR pump–IR probe experiment also became
popular in studying vibrational relaxation processes.17–19

In this paper, investigation has been made on
both electronic and vibrational relaxation processes
in an amino-moiety-containing conjugated polymer,
poly��3-hexylthiophene-2,5-diyl� - � p-dimethylaminobenzyl-
idenequinoidmethene�� �PHTDMABQ�, by real-time vibra-
tional spectroscopy with a few-cycle pulse laser that has an
ultimate time resolution of 0.2 fs in the visible and near IR
ranges. We analyzed the data containing both electronic re-
laxation and vibrational dynamics to obtain a more reliable
relaxation mechanism of the excitations than a combination
of individual studies of electronic and vibrational relax-
ations.

II. EXPERIMENT

A. Ultrashort pulse laser system

Both pump and probe pulses were from a noncollinear
optical parametric amplifier �NOPA� seeded by a white-light
continuum.20–25 The pulse duration of the NOPA output was
compressed with a system composed of a pair of Brewster
angle prisms that have an apex angle of 68° and chirp mir-
rors �Layertec�. A typical visible near IR pulse with a pulse
duration of 6.3 fs ��t=6.3 fs� covered the spectral range
extending from 515 to 716 nm ���=1796 cm−1�, with time-
bandwidth product of ���t=0.34, which indicates that the
pulses were nearly Fourier-transform �FT� limited. The pulse
energies of the pump and probe were typically about 50 and
6 nJ, respectively. The pump source of this NOPA system is
a commercially supplied regenerative amplifier �Spectra
Physics, Spitfire�, whose central wavelength, pulse duration,
repetition rate, and average output power were 800 nm, 50
fs, 5 kHz, and 650 mW, respectively.

In the present experiment, we applied the combination of
polychromator and multichannel lock-in amplifier to detect
the pump-probe signal. The reference and probe pulses were
dispersed by the polychromator �300 groove/mm, 500 nm
blazed� and simultaneously guided to the photodetector by a
128-channel bundle fiber. The spectral resolution of the total
system, which is composed of the monochromator, bundle
fiber, and photodetector, was about 1.5 nm. The wavelength
dependent difference absorbance of the probe was measured
for 128 wavelengths at pump-probe delay times from −200
to 1800 fs, with a delay time step of 0.2 fs. All of the experi-
ments were performed at a constant temperature �293 K�.

B. Materials

The sample studied here is a PHTDMABQ, whose mono-
mer is a derivative of a thiophene oligomer. The stationary
absorption and the fluorescence spectra of PHTDMABQ
were measured with an absorption spectrometer �Shimadzu,
UV-3101PC� and a fluorophotometer �Hitachi, F-4500�, re-
spectively. PHTDMABQ was dissolved in methanol and cast
on a quartz substrate for the measurement of stationary and
time-resolved spectra.
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III. RESULTS AND DISCUSSIONS

A. Electronic relaxation

Figure 1 shows the absorption and fluorescence spectra of
a cast film sample of PHTDMABQ together with the output
spectrum of the 6.3 fs NOPA laser used as pump and probe
pulses. The molecular structure of PHTDMABQ is also
shown in the inset of Fig. 1. Figure 2�a� shows the change in
the absorbance as a function of pump-probe delay time at
nine different probe photon energies.

Figure 3�a� shows the display of absorbance change plot-
ted two-dimensionally against the probe delay time and
probe photon energy. The following two decay features can
be seen from the traces �Fig. 2�a�� and the two-dimensional
plot �Fig. 3�: �1� up to the probe delay time of 200 fs, the
signal rapidly decays and then slowly decays up to 1.8 ps,
which is the longest delay time in the present experiment. �2�
During the first 100 fs, a spectral redshift is observed in the
bleaching spectral range from 2.21 eV �560 nm� to 1.73 eV
�716 nm�.

The absorbance change �A�t ,�� as functions of probe
delay time �t� and probe frequency ��� plotted in Fig. 2�a�
was fitted with signal amplitude parameters of a���, b���,
and c��� and time constants of �1, �2, and �3 in the following
equation:

�A�t,�� = a���e−t/�1 + b���e−t/�2 + c���e−t/�3. �1�

The time-resolved spectra probed from 100 to 1700 fs
with a 200 fs integration time width have a broad band with
a negative �A peak at around 2.3 eV �540 nm�, as shown in
Fig. 3�b�. The width was defined as the photon energy dif-
ference between 2.34 eV and that with the same �A value in
the photon energy range of �2.25 eV. The probe delay time
dependence of the negative peak and the width together with
their FT power spectra are plotted in Fig. 4, and both Figs.
4�a� and 4�c� were obtained with a time step of 1 fs. In Table
I, we summarized the frequencies of the Fourier power spec-
tra of real-time spectra �Fig. 2�b��, tracking the trace of a

negative peak near 2.3 eV �Fig. 4�b�� and a width trace of the
negative peak �Fig. 4�d��. As shown in Table I, all of the
frequencies of 1111, 1188, 1343, 1465, and 1583 cm−1 could
be found either in Fig. 4�b� or in Fig. 4�d�, or in both. This
means that the 1111 cm−1 modulation frequency of the dif-
ference absorption spectra is due to the Herzberg-Teller-type
spectral broadening,26 and the modulation frequency of
1465 cm−1 is caused by the Franck-Condon-type wave
packet motion.27 The other absorbance modulations �1188,
1343, and 1583 cm−1� of difference absorbance due to mo-
lecular vibration are induced by both the Franck-Condon-
type and the Herzberg-Teller-type mechanisms.

In the photon energy range �wavelength� from 2.138 eV
�580 nm� to 1.968 eV �630 nm�, real-time traces can be fitted
with Eq. �1� by a global fitting with the temporal parameters
of �1=62�2 fs, �2=750�20 fs, and �3�3 ps for “compo-
nents” and with “spectra” of a���, b���, and c��� in Fig. 5,
respectively. These results are useful to get insight into the
spectral and temporal features of the system.

Here, let us discuss the features of the spectra a���, b���,
and c���. Spectrum a��� has a positive-directed peak at
around 2.02 eV �614 nm�. This is due to the induced absorp-
tion, which competes with the stimulated emission, giving a
broad negative signal. The stimulated emission spectrum was
obtained from the observed spontaneous fluorescence spec-
trum, as shown in Fig. 1. The sharp slope in the spectral
range of 2.08–2.13 eV �596–582 nm� is considered not to be
due to a bleaching of the ground state absorption but due to
the induced absorption, since the slope is opposite to that of
a stimulated emission spectrum. The spectra b��� and c���
are both featureless and resemble each other, except for the
difference in their slopes. The slope of b��� in the probed
spectral range of 1.97–2.13 eV �630–580 nm� is less steep
than that of c��� if the spectrum is normalized to each other.
The slope of the bleaching spectrum is expected to be less
steeper than the two time-resolved spectra of b��� and c���
if there is no other effect in the range. This, together with the
dynamics of the a���, b���, and c��� components, will be
discussed in the following.
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FIG. 1. The absorption spec-
trum �1�, fluorescence spectrum
�2�, and stimulated emission spec-
trum �3� of PHTDMABQ cast
film on a quartz substrate, the
NOPA laser spectrum �4�, and
the absorbed laser photon energy
distribution of spectrum by
PHTDMABQ �5�. The inset
shows the molecular structure of
PHTDMABQ.
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By taking the spectral features and values of the time
constants mentioned above into account, the following three
possible mechanisms were proposed. In the schemes, the
three time constants �1, �2, and �3 determined above can
correspond to the processes in the following three sets of
relaxation dynamics:

�1� Sn
FC→

�1

Sm→
�2

S1→
�3

S0 �or T1�,

�2� Sn
FC→

�1

S1
nTh→

�2

S1
Th→

�3

S0 �or T1�,

�3� S1
FC→

�1

S1
GR→

�2

S1
Th→

�3

S0 �or T1�.

Case �1� describes an excitation starting from the Franck-
Condon �FC� state in the nth excited state Sn

FC and relaxing to
the lower excited Sm state �m	n�, which has a relatively
long life of 750�20 fs, relaxing to the lowest excited state
�S1� with much longer life than a few picoseconds. Then S1
relaxes to the ground state �S0� or the triplet state �T1� with a
microsecond lifetime. Case �2� describes an excitation to the
Franck-Condon state �Sn

FC� of a nonthermal nth excited state
followed by the relaxation to the lowest nonthermal excited
state S1

nTh by internal conversion and then relaxation to the
thermal state S1

Th followed by a decay to the S0 or T1 state.
Case �3� describes an excitation to the higher vibrational

level of the lowest excited electronic state S1 in the Franck-
Condon state �S1

FC� and then a relaxation to the geometrically
relaxed state �S1

GR�, which is the exciton polaron or some-
times called self-trapped exciton or neutral bipolaron.

Case �1� is less likely since there seems to be no indica-
tion of two more electronic states in the absorption spectrum
corresponding to the excitation probe laser spectrum. It is
also because of the nonexisting fluorescence excited at wave-
lengths in the laser spectral range. It can be discussed in such
a way that the fluorescence efficiency of more than 10−3 is
expected to be observed with such a long lifetime as 750 fs
from the natural life of a few nanoseconds estimated from
the integrated extinction coefficient over the spectral band. It
is also a little difficult to explain the spectral shapes of b���
and c���, which are attributed to different electronic states
from S1 and S0, respectively, and are very similar to each
other with only a small difference in their slopes.

In case �2�, the spectral change in the thermalization pro-

cess of S1
nTh→

�2

S1
Th is due to the change in the population

distribution of vibrational levels. Hence, the numbers of the
components of various vibrational modes and vibrational
quantum numbers are expected to be large. Therefore, it is
not possible for the time-resolved spectra to be described in
a limited number of spectral components. Instead, the
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FIG. 2. �a� The changes in the absorbance as functions of pump-probe delay time at nine probe photon energies �wavelengths� and �b�
the FT power spectra of real-time vibrational spectra at the corresponding probe energies.
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changes in the spectral shapes in such cases are considered to
be continuous. In such a case, there is no component with
definite spectral shapes to be attributed to the intermediate
species. Therefore, the time constants determined in Sec. II
should simply be considered to be the average of distributed
decay times. Since the decay functions are expected to be
different at different wavelengths, it is also difficult to fit
them with different analytic functions from exponential.
Sometimes stretched exponential or power-law functions are
used, and we tried to fit the result by these functions, but
they did not fit well in the present case.

Even admitting the above mentioned ambiguity of the
time constant, case �2� may be discussed as more likely be-
cause a thermalization time of 750 fs is reasonable in a poly-
mer system. This may be reasonably explained in the follow-
ing way. As in the case of polydiacetylenes, intrachain
thermalization may take place in several hundred femtosec-
onds, and interchain thermalization takes place in 4–10 ps,
which may correspond to �3
3 ps in the present
system.9,15,16

The small spectral difference between b��� and c��� is
also reasonable in case �2�. The energy distribution induced
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FIG. 3. �a� Two-dimensional
display of the time dependence of
the absorbance changes �probe
photon energy versus probe delay
time�. The value of �A is shown
by a pseudocolor, and the curve
represents the probe photon en-
ergy where �A=0. �b� The time-
resolved pump-probe spectra
�TRS� probed at nine center delay
time points from 100 to 1700 fs
with an integration time width of
200 fs. The spectral curves are
shifted upward from TRS at 100
fs to 1700 fs with a step of 0.004.
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by the pump probe over several vibrational quantum num-
bers of relevant modes strongly coupled to the excitation
electronic transitions has a distribution of 0.5 eV correspond-
ing to about 4000 cm−1. This width is much broader than the
distribution range of molecular vibrations at an experimental
temperature of about 293 K corresponding to 203 cm−1.
Hence, the thermalization process changes the population
distribution of vibrational levels to be narrower by changing

from a non-Boltzmann-type to a Boltzmann-type distribu-
tion.

Case �3� is discussed as even more likely. It is because the
laser spectrum covers the higher vibrational levels of the
lowest excited singlet state S1. Also, the time constant of 62
fs is consistent with the self-trapping time, which was deter-
mined to be shorter than 100 fs for the free exciton to form
an exciton polaron in polydiacetylene.9 It is also close to the

TABLE I. Summary of frequencies appearing in Figs. 2�b�, 4�b�, and 4�d�.

FT of real-time spectra
�cm−1�

FT of negative peak tracking trace
�cm−1�

FT of trace of negative peak width
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FIG. 4. �a� The probe delay time dependence of the negative peak tracking and �c� the width of graphs at around 2.3 eV shown in Fig.
3�b�, and ��b� and �d�� their corresponding FT power spectra.

DU et al. PHYSICAL REVIEW B 77, 195205 �2008�

195205-6



decay time, which was determined to be about 50 fs for the
breather mode to be converted to a soliton in
trans-polyacetylene.28 This model is discussed to be most

reasonable in Sec. III B. A discussion of S1
Th→

�3

S0 �or T1�
can be made in the same way as in case �2�. We have con-
cluded that case �3� is the electronic relaxation mechanism
and we will discuss vibrational dynamics by using this
model. The vibrational relaxation process is also found to be
consistent with case �3�.

B. Vibrational dynamics

Even with the accumulated information of the mechanism
of electronic relaxations in conjugated polymers, their oligo-
mers, and component monomer molecules, in many cases, it
is still difficult to conclusively identify the relaxation mecha-
nism and scheme. Recently, novel analysis methods such as
singular value decomposition and/or global fitting have been
developed, but it is still not easy to disentangle the relaxation
dynamics in such a complicated system as amorphous con-
jugated polymers. It is because they are highly inhomoge-
neous in their electronic states and decay dynamics as previ-
ously mentioned.

Therefore, it is desirable to get more information than the
data of electronic decay. For this purpose, we utilized the
real-time vibrational spectroscopy to obtain both electronic
and vibrational dynamics of the same system under the same
excitation and probing condition by using the same sample
and observing an amorphous phase, in which there is a rela-
tively broad distribution of chain length, conjugation length,
and degree of interaction strength between neighboring
chains at the same time. Because of these requirements, the
condition satisfied as mentioned above is considered to be
most powerful to study such systems as conjugated poly-
mers. The extension of this method to even more compli-

cated systems such as a biological system is highly promis-
ing.

To identify the relaxation mechanism and discuss the vi-
brational dynamics during the relaxation processes, the probe
wavelength of the Fourier powers of molecular modes
coupled to the probed electronic transition was calculated.
This FT analysis was performed after averaging over 200 fs
to remove the slow decay dynamics due to dynamics in the
relevant electronic states. The results are shown in Figs. 6
and 2�b�. There are three prominent peaks at 1111, 1343, and
1465 cm−1. The most intense peak located at 1343 cm−1

corresponds to the C-C stretching mode and it has a full
width at half maximum �FWHM� of �32.3 cm−1, which
corresponds to the vibrational dephasing time of �361 fs.
The dephasing time of the other two modes are also close to
that of 1343 cm−1, as shown in Table II. All of them have
very short lifetimes of around 350–400 fs, which are much
shorter than those of various vibrational modes in the ground
state. This is because the modes belong to the electronic
excited state. As we will discuss later, the peak of 1343 cm−1

is considered to result from the mixing of 1300 and
1350 cm−1 modes in the spectrogram calculation because of
the finite frequency resolution in the numerical procedure set
by the gate-time width.

In order to utilize the real-time trace in the vibrational
dynamics study, which is considered to be useful for the
identification of the mechanism, we calculated the spectro-
grams at 2.11 eV �586.6 nm�, 2.06 eV �602.5 nm�, and 2.01
eV �618.4 nm�. A Blackman window of 120 fs half width at
half maximum �HWHM� was used. The results are shown in
Figs. 7�a�–7�c� and all of them show similar features.

The dynamics of the frequency components of 1300 and
1350 cm−1 was studied by taking the integrated amplitude of
the corresponding components with a 20 cm−1 frequency
width at each probe delay time. The components of 1300 and
1350 cm−1 have decay time of about 160 and 450 fs, respec-

FIG. 5. The “spectra” of a���,
b���, and c��� obtained by the
global fitting, and d��� is the ab-
sorption spectrum.
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tively. The 1350 cm−1 component has the growth trace of
about 100 fs. This frequency shift may be explained in terms
of the change in the frequency from Sn

FC to Sm �case �1��,
from Sn

FC to S1
nTh �case �2��, and from S1

FC to S1
GR �case �3��.

The model of case �3� can even better explain the experimen-
tal results of the vibrational dynamics, which will be dis-
cussed in the following. The former decay time constant of
160 fs is overestimated because of the Blackman window of
120 fs HWHM. Therefore, it is reasonable to assume that the
observed 160 fs corresponds to �1=62 fs. Then this may
indicate that the free exciton has an absorption feature of
a��� and a vibrational frequency of 1300 cm−1. It decays
into the nonthermal exciton polaron with an electronic spec-
tral feature of b��� that has a vibrational mode of 1350 cm−1

with �1=60�100 fs. The mode frequencies of 1300 and
1350 cm−1 are considered to be C-C bond stretching in the
free exciton and exciton polaron, respectively. The frequency
of C-C bond increased after the geometrical relaxation be-
cause the strengthening of the lower frequency C-C bond
takes place in the expense of the bond order in the higher
frequency C-C bond in the thiophene ring associated with the
formation of the exciton polaron.

Here, we would like to pay attention to the time depen-
dency of the mode near 1500 cm−1, which is due to one of

the C-C stretching modes. At 150 fs, the peak frequency is
downshifted to �1445 cm−1 with the delay of 300 fs in ac-
cordance with the change of another C-C stretching mode
with a lower frequency from 1300 to 1350 cm−1 in the same
time range. The frequency difference in both cases is similar
�about 50 cm−1�. Therefore, it can be considered that the
vibrational energy of the lower frequency mode due to the
smaller bond order is increased at the expense of the higher
frequency C-C stretching frequency by a similar amount of
50 cm−1. These frequency changes are due to the more uni-
form �-electron distribution in the exciton polaron state. Fur-
ther, to obtain a more reliable identification of the state, we
studied the vibrational phase of the modes at 1300 cm−1 in
the 50–220 fs delay time range and that of 1350 cm−1 in
300–700 fs. The coherent molecular vibration after the geo-
metrical relaxation is considered to be a kind of reaction
induced coherence. This coherent vibration decays with the
time constant of about 450 fs.29–31

In conclusion, we utilized the real-time vibrational spec-
troscopy to obtain both electronic and vibrational dynamics
of the same system under the same excitation and probing
condition and observed an amorphous phase, in which there
is a relatively broad distribution of chain length, conjugation
length, and degree of interaction strength between neighbor-
ing chains at the same time. Because of these requirements,
the condition satisfied, as mentioned above, is considered to
be the most powerful to study such systems as conjugated
polymers. By using this method, we could observe the spec-
tral change in the electronic absorption spectrum and instan-
taneous vibrational frequency and could clarify the mecha-
nism of the ultrafast geometrical relaxation in a conjugated
polymer. In the polymer PHTDMABQ, the geometrical re-
laxation from the free exciton to the exciton polaron takes
place in 60–100 fs. This time is close to that observed in

TABLE II. Bandwidths and corresponding dephasing times of
the three modes.

Wavenumber
�cm−1�

FWHM
�cm−1�

Dephasing time
�fs�

1111 29.6 394

1343 32.3 361

1465 29.8 391

FIG. 6. FT power spectra of
the pump-probe signal over the
probe photon energy.
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several polydiacetylenes. The C-C bond stretching frequen-
cies of the free exciton and exciton polaron are 1300 and
1350 cm−1. The coherent molecular vibration after the geo-
metrical relaxation is considered to be a kind of reaction
induced coherence. This coherent vibration decays with the
time constant of about 450 fs. The extension of this method
of simultaneous measurement of electronic and vibrational
dynamics to even more complicated systems such as a bio-
logical system is highly desired.
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