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Molecular vibration of several modes in blue-phase polydiacetylene-3-butoxycarbonylmethylurethane
(PDA-3BCMU) was real-time observed by 5-fs pump-probe measurement. The contribution of the vibrational
wave packets in the ground state and in the excited state in the signal were separated by multichannel
measurement. The CvC stretching mode in the ground state starts to oscillatep-out-of-phase with the
CwC stretching mode. The structure of PDA-3BCMU in the geometrically relaxed state is not pure butatriene
type but more like acetylene type. The frequencies of CvC and CwC stretching modes there were deter-
mined by singular value decomposition method to be 1472±6 cm−1 and 2092±6 cm−1, respectively. The
double and triple bond stretching frequencies in the ground state are 1463±6 cm−1 and 2083±6 cm−1,
respectively.
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I. INTRODUCTION

Optical and electrical properties of conjugated polymers
have been attracting many scientists because of their poten-
tial applications to electronics, optoelectronics, and
photonics.1,2 The examples are flexible conductors, light-
emitting diodes, and all-optical switches. The polymers are
of interest not only because of the above technological ap-
plications but also due to fundamental physics, since they
have large optical nonlinearities and are model materials of
one-dimensional system with outstanding characteristic fea-
tures including excitonic spectrum and ultrafast relaxation
studied by spectroscopy. These features are deeply related to
the formation of localized nonlinear excitations such as soli-
tons, polarons, and a self-trapped exciton(STE) formed via a
strong coupling between electronic excitations and lattice vi-
brations. STE is sometimes called exciton polaron or neutral
bipolaron.3–16

Among conjugated polymers polydiacetylenes(PDAs)
hold special interest, because PDAs have several phases
named according to their colors and also can have various
morphologies, i.e., single crystals, cast films, Langmuir
films, and solutions.17–20 The ultrafast optical responses
in PDAs have been intensively investigated using
femtosecond spectroscopy and time-resolved Raman
spectroscopy.2,6,10,11,21–30

From previous extensive studies,2,6,10,11,21–30the initial
changes in electronic absorption spectra and their ultrafast
dynamics in a femtosecond region after photoexcitation of
polydiacetylene(PDA) are explained in terms of the geo-
metrical relaxation(GR) of a free exciton(FE) to a STE
within 100 fs.2 The STE is well established to be a geometri-
cally relaxed state with admixture of butatrien-type configu-
ration suCRvCvCvCR8u dn from an acetylene-type
chain svCRuCwCuCR8v dn.

21,22 Here, R and R8 rep-
resent substituted side groups attached to the main chain. All
of the stretching vibrations of carbon atoms are considered to
be coupled to the photogenerated FE and induce various non-

linear optical processes different from those in most inor-
ganic semiconductors.10–13,28,31Recent experimental and the-
oretical studies have revealed the lowest excited singlet state
in a blue-phase PDA to be an optically forbidden 21Ag state
lying ,0.1 eV below an allowed 11Bu-FE state, which pro-
vides characteristic intense blue color.3,32–36 The internal
conversion (IC) is then expected along with self-
trapping,12,13but the dynamical processes of IC and GR have
not yet been fully characterized.12,13Recent progress in fem-
tosecond pulsed lasers has enabled study of molecular dy-
namics on a 10-fs time scale.23,24 In the previous works, a
wave packet motion of CvC stretching mode with a period
of ,23 fs was found in the photon-echo and transient
bleaching signals of PDA-DCAD[poly(1,6-di(n-carbazolyl)-
2,4 hexadiyne)] films by using 9–10 fs pulses.21,22

The real-time observation of the geometrical relaxation in
PDA has been enabled by the recent development of sub-5-fs
visible pulse generation based on noncollinear optical para-
metric amplification(NOPA) system, which satisfies all of
the pulse-front matching, phase matching, and group-
velocity matching conditions.37–39 Utilizing compressors
such as prism pair, grating pair, chirped mirror, and deform-
able mirror, the shortest visible—near-infrared pulse was
obtained.37,39 The trace of the delay-time dependence of the
normalized difference transmittanceDTstd /T induced by an
ultrashort pump pulse is called “real-time spectrum,” which
means a spectrum in a time domain. By time-resolved analy-
sis of the Fourier transform of the real-time spectrum, the
dynamic features of self-trapping, IC, and coupling between
stretching and bending modes in the relaxed state in a PDA
have been elucidated using sub-5 fs pulses.30

However, these experiments have a remaining problem of
ambiguity in the assignment of the origins of the pump-probe
signal traces to either the ground state or the excited states,
because the ultrashort laser pulse with wide enough spectrum
can drive the coherent vibrations in both ground and excited
states. This prevents us from the well-defined discussion of
the dynamics of the wave packet after being photogenerated.
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In this study, we could attribute the origins of the oscillation
signals in pump-probe traces either to the ground or the ex-
cited state by utilizing precise multichannel detection
method.

II. EXPERIMENT

The sample used in the present study is a cast film of
blue-phase PDA-3BCMU(poly [4,6-docadiyn-1, 10-diolbis
(n-butoxycarbonylmethylurethane)]) on a glass substrate.
PDA-3BCMU has side groups of

R= R8 = − sCH2d3OCONHCH2COOsCH2d3CH3,

in the backbone chain structure ofsvRCuC
wCuCR8v dn. PDA-3BCMU is one of the well-known
soluble PDAs. The laser pulses for both pump and probe are
produced by NOPA seeded by a white-light continuum with a
5-fs pulse compressor system.29,39–41The source of this sys-
tem is a commercially supplied regenerative amplifier
(Spectra-Physics, model Spitfire), of which pulse duration,

central wavelength, repetition rate, and average output power
are 100 fs, 790 nm, 5 kHz, and 800 mW, respectively. The
spectrum of the pump and probe pulses covers a spectral
range from 520 to 730 nm with a nearly constant phase,
providing a Fourier transformed temporal shape. Laser pulse
energies of the pump and probe pulses are about 35 and 5 nJ,
respectively. Time trace of normalized difference transmit-
tancefDTstd /Tg was obtained as a function of pump-probe
delay-time std from −100 to 1200 fs with every 1-fs step.
Simultaneous measurement was performed by a multichan-
nel lock-in amplifier designed by EG&G over the spectral
range extending from 540 to 740 nm using a
300 grooves/mm grating monochromator with spectral reso-
lution of about 3.6 nm. All the measurements were per-
formed at room temperatures295±1 Kd.

III. RESULTS AND DISCUSSION

Figure 1 shows the observed the normalized difference
transmittanceDTstd /T of the blue-phase PDA-3BCMU
sample displayed two dimensionally(probe-photon energy
versus probe delay time). Figure 2 exhibits several examples
of DTstd /T traces at several energies of probe photon. All of
the traces have signals of finite size at negative delay times,
and sharp and intense peaks around zero probe-delay time.
The former is due to the perturbed free-induction decay pro-
cess associated with the third-order nonlinearity of the se-
quential interaction of probe-pump-pump fields modified
with molecular vibrations. The latter signals are due to
pump-probe coupling induced by the nonlinear process of
the pump-probe-pump time ordering. There is another con-
tribution from the interference between the scattered pulses
and the probe pulses, durations of which are elongated in the
polychromator. The details of the vibrational modulation ob-
served at delay times longer than 100 fs are free from the
distortions due to the above two mechanism. Figure 3 shows
the measured normalized difference transmittance spectra at
a few probe-delay times. In the probe-photon energy region
above 1.95 eV the normalized difference transmittance is

FIG. 1. Time dependence of the normalized difference transmit-
tancefDTstd /Tg displayed two dimensionally(probe-photon energy
versus probe delay time).

FIG. 2. Pump-probe delay time dependence
of the normalized difference transmittance
fDTstd /Tg on the probe delay time at three probe
photon energies.
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positive because of photobleaching of the 11Bu-FE absorp-
tion peaked around 2.0 eV. In the probe-photon energy re-
gion below 1.90 eV the normalized difference transmittance
signals are negative due to the photoinduced transition from
the geometrically relaxed 21Ag state to the higher excited
nBu state, which is one of the four essential states.30,42 The
1 1Bu-FE state decays within 100 fs into the geometrically
relaxed 21Ag state.2,31,43

The power spectrum of Fourier transform ofDTstd /T at
128 probe-photon energies probed by using the multichannel
lock-in amplifier is shown in Fig. 4. For the calculation the
signal data in the probe delay time ranging from 400 to 900
fs were used after high-pass step-function filtering with a
cutoff frequency of 1000 cm−1. In the wide range of probe-
photon energy, three peaks were observed at 1220, 1460, and
2080 cm−1, corresponding to the CuC,CvC, and CwC
stretching modes, respectively.44–46 All three modes have
peaks around 1.78, 1.95, and 2.05 eV in common.

In order to investigate the vibrational mode more deeply,
we analyzed the pump-probe signal by a linear prediction

singular value decomposition(LP-SVD) method. By
LP-SVD, single or multiple mode(s) of damped oscillation
were extracted from the data such asystd=A exps
−t /tdcossVt+ud, whereA is an initial amplitude of the signal
modulation ofDTstd /T due to molecular vibration,t is the
decay time,V is the mode frequency, andu is the initial
phase. The value of each vibrational mode of CuC,CvC,
and CwC was extracted by the LP-SVD method from the
200–900-fs data after rectangular frequency filtering of the
Fourier power spectrum(1150–1290, 1395–1535, and
2010–2150 cm−1) at each probe-photon energy indepen-
dently. The amplitude at 300 fs of each mode is shown in
Fig. 5. The spectrum of amplitude of CuC stretching mode
in Fig. 5(a) does not resemble the FFT power spectrum of
CuC mode in Fig. 4. The signal of vibration of CuC
stretching mode was not strong enough for the mode signal
to be extracted out from the real-time data to analyze the
decay time and initial phase precisely. From here on we con-
centrate on the pump-probe signal of only CvC and C
wC stretching modes extracted by LP-SVD.

The absolute initial phase of the CvC and CwC modes
is shown in Fig. 6. In order to explain the features of the
phase spectra in Fig. 6, we propose a simple model as fol-
lows. In Figs. 7(a) and 7(c), transition from the ground state
to 1 1Bu-FE state and that from the geometrically relaxed
2 1Ag state tonBu state, respectively, are represented on the
potential curves of PDA. The FWHM of pulse of the NOPA
output used as a pump is shorter than the oscillation periods
of CvC 23 fs and CwC vibrations 16 fs. Therefore, it can
generate vibrational wave packets impulsively in the ground
state and 11Bu-FE state. The wave packet in the ground state
is made at point B in Fig. 7(a), which is located at the bottom
of potential curve surface of the ground state, and begins to
oscillate on the potential curve asB→A→B→C→B… (or
B→C→B→A→B…). After the wave packet is generated,
absorption intensity increases when the wave packet is lo-
cated at the probe-photon frequency corresponding to the
vertical transition energy at the position of the wave packet.
Therefore, the oscillation of wave packet results in the

FIG. 3. Normalized difference transmittance spectrasDT/Td; (1)
delay at 200 fs;(2) 500 fs; (3) 800 fs; (4) 1100 fs.

FIG. 4. Two-dimensional Fourier power spectra of theDT/T
traces.

FIG. 5. Fourier amplitude at the probe delay of 300 fs extracted
from the normalized difference transmittance by the method of
LP-SVD for the modes of(a) CuC; (b) CvC; and (c) CwC
stretching.
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modulation of normalized difference transmittance with the
vibrational frequency.

If the wave packet photoproduced atB starts to oscillate
as described byB→A→B→…, the transmittance at probe
photon energyEA starts to decrease initially, and at the same
time the transmittance atEC starts to increase. Here,EX is the
transition energy from positionXs=A,B,C,D ,E, or Fd on
the lower state to the upper state. In this case the phase of the

vibration of DTstd /T is p /2 at probe photon energy higher
than EB, and −p /2 at that lower thanEB as shown in Fig.
7(b). If the wave packet starts to move in the reverse direc-
tion sB→C→B→…d, the phase is −p /2 for the probe-
photon energy higher thanEB, andp /2 at the lower thanEB.

Figure 6(a) shows that the phases determined for the
CvC stretching mode from about 1.9 to 2.0 eV are nega-
tive, while those between about 2.0 and 2.1 eV are positive.
These features can be explained using Figs. 7(a) and 7(b),
whereEB is 2.0 eV, which corresponds to the 11Bu-FE ab-
sorption peak. The phase of the CvC stretching mode at
2.02 eV is positive, while that of the CwC stretching mode
at 2.02 eV in Fig. 6(b) is close to zero. This energy(2.02 eV)
corresponds to the photon energy shifted by the CvC
stretching energy(0.18 eV) from 2.2 eV of the peak of the
probe, which is expected to give ap /2 phase. Therefore, it
can be concluded that the phases around 2.02 eV in CvC
are shifted to positive due to the contribution of the Raman
gain signal. The phases of CwC stretching are positive from
about 1.93 to 2.02 eV and are negative between about 2.02
and 2.15 eV. It is concluded that the wave packet of CwC
mode generated on the ground-state potential curve starts to
move in the reverse direction to that of the CvC mode.

The phases of CvC mode around 1.95 and 2.05 eV are
neitherp /2 nor −p /2. It can be explained in the following
way. Intense signal of photoinduced absorption modulated by
the wave packet of CvC mode in the excited state is ex-
pected also to be generated relatively strongly in the photon
energy region. Then, the phases of CvC mode are consid-
ered to be zero as expected for a wave packet in the excited
state. Because of the overlap of the vibrational signals due to
the ground state and to the excited state, the observed values
of the phases are expected to correspond to the weighted
averages of the two contributions.

From the fact that the phases at 1.95 and 2.05 eV have
opposite sign to each other, it can be concluded that the
vibrational-amplitude peaks at 1.95 and 2.05 eV are due to
the modulation of the intensity of 11Bu-FE absorption(reso-
nant at 2.00 eV) by the motion of the vibrational wave
packet induced by the stimulated Raman scattering(SRS)
process in the ground state.

Figure 7(c) represents the diagram of photoinduced ab-
sorption from the geometrically relaxed 21Ag state. The
pump pulse makes wave packets not only in the ground state
but also in the 11Bu-FE state. The wave packet photoexcited
in the 11Bu-FE state soons,100 fsd after generation relaxes
into the geometrically relaxed 21Ag state. In our group we
found that this relaxation time was determined to be
60±20 fs.47 The oscillation of the wave packet on the geo-
metrically relaxed 21Ag state potential curve modulates the
probe signal. A wave packet is produced at point F in Fig.
7(c) at the beginning, and then starts to move asF→E
→D→E→F…, where point E is located at the bottom of
the geometrically relaxed 21Ag state potential curve along
the corresponding stretching-mode coordinate.

The expected phases of the oscillation of the
photoinduced-absorption signal in the case ofED.EF are
shown in Fig. 7(d), i.e., they are zero, −p /2, and −p at
ED , EE, and EF, respectively, in the analogy of the ground
state.

FIG. 6. Initial phase(solid curve) of each vibrational mode of
normalized difference transmittance by the method of LP-SVD for
the modes of(a) CvC; and (b) CwC stretching. The expected
phase(dotted line) of vibration from the model of the wave packet
motion in the ground state(1.95–2.07 eV) and in the excited state
(1.76–1.88 eV).

FIG. 7. (a) Transition from the ground states on potential energy
curves of PDA. Point B is located at the bottom of the curve of the
ground states.(b) The model phase of vibration by the motion of the
wave packet in the ground state.EX is the energy of transition from
positionX. (c) Transition from the excited states on potential energy
diagram of PDA. Point E is located at the bottom of the curve of the
ground states.(d) The model phase of vibration by the motion of the
wave packet in the excited state.
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The spectrum of absorption from the geometrically re-
laxed 21Ag state tonBu states has a peak around 1.8 eV.28 If
EE is 1.83 eV, the phases of the CvC mode in Fig. 6(a)
correspond to the model phase in Fig. 7(d). The phases of
CwC mode at 1.77 and 1.87 eV are −p and zero, respec-
tively, in the same way as the phases of CvC mode. There-
fore, it is concluded that not only the vibrational wave packet
of CvC mode but also that of CwC mode is generated in
the geometrically relaxed 21Ag state. This clearly demon-
strates that the full geometrically relaxed butatriene-type
structure is not formed, but it can still be described in the
form of acetylene-type structure, as discussed previously by
one of the present authors.30

Figure 8 shows that the frequencies of CvC mode at 128
probe-photon energies extracted by LP-SVD from the real-
time traces. From the previous discussion, the signal due to
the wave packet motion in the ground state appears strongly
at the probe-photon energies of 2.04–2.07 and 1.92–1.95 eV,
which correspond toEA andEC, respectively, in Fig. 7. The
oscillatory motion of the wave packet in the geometrically
relaxed 21Ag state appears strongly at the probe-photon en-
ergies of 1.87–1.90 and 1.79–1.81 eV, indicated byED and
EF regions in the figure. At the probe-photon energies of 2.00
and 1.84 eV, which are marked withEB andEE, respectively,
the vibration of wave packet in the geometrically relaxed
2 1Ag state and that of the ground state, respectively, appear

nearly exclusively. Figure 8 shows that the vibrational fre-
quencies determined for the probe-photon energies of
EB, ED, and EF are higher than those ofEA, EC, and EE.
Hence, it can be concluded that the frequency of CvC
stretching in the geometrically relaxed 21Ag state is close to
that determined forEB probe photon energy. Therefore, the
frequency of the CvC stretching in the excited state is con-
cluded to be 1472±6 cm−1 and that in the ground state which
is 1463±6 cm−1 concluded forEE probe photon energy. The
error was estimated from the value that induces shifting of
the vibrational phase by ±p /4 after the experimental time
span of 700 fs, and can easily be detected in the present
method. The frequency of CwC stretching mode in the
geometrically relaxed 21Ag state is determined to be
2092±6 cm−1, while that in the ground state is
2083±6 cm−1. It can be concluded that each of the frequen-
cies of the CvC and CwC stretching in the excited state is
higher by about 10 cm−1 than each of those in the ground
state.

IV. CONCLUSION

In conclusion, we separated the ground-state and the
excited-state contributions in the real-time vibrational signals
due to the wave packet motions from the different transmit-
tance spectra obtained by multiwavelength sub-5 fs spectros-
copy. The wave packet of CvC stretching mode in the
ground state was found at first to oscillate to theopposite
direction to that of CwC stretching mode. Also, the vibra-
tion of CwC stretching mode in the geometrically relaxed
2 1Ag state was observed as well as CvC mode even after
the FE is converted to the geometrically relaxed state within
100 fs. This clearly demonstrates that the full geometrically
relaxed butatriene-type structure is not formed; instead, it
can still be described by the acetylene-type structure with
small admixture of butatriene-type configuration. The fre-
quencies of CvC and CwC stretching modes in the geo-
metrically relaxed 21Ag state were determined to be 1472±6
and 2092±6 cm−1, respectively. The corresponding frequen-
cies in the ground state were calculated as 1463±6 and
2083±6 cm−1. Each of the former is higher by about
10 cm−1 than each of the latter.
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