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Dephasing Dynamics of the Vibronic States of Epitaxial Polydiacetylene Films
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The dynamics of polydiacetylene (pDCH) vibronic states has been measured with photon echoes and

pump probe techniques using femtosecond optical pulses. The excitonic dephasing (52 fs) is shown
to be dominated by interactions between excitons and the vibration modes of the polymer chain. The
importance of the C=C double bonds compared to the C=C triple bonds shows up both in the
dephasing and early population dynamics. These results suggest that just after excitation the
polydiacetylene backbone undertakes a transient structural change with a butatrieniclike distribution
of the electronic states.

PACS numbers: 42.50.Md, 71.35.+z, 78.47.+p, 82.35.+t

Polydiacetylenes (PDA) have interesting physicochemi-
cal properties due to their high degree of polymerization
in the solid state [1]. In particular, the important de-
localization of the ~ electronic orbitals along the PDA
chains leads to high nonlinear optical susceptibilities
with ultrafast response times in the visible spectrum
[2]. Previous experiments [3—7], performed on the
femtosecond time scale, have revealed many interesting
aspects of the electronic states relaxation of different
PDA systems. The exciton lifetime of polytoluene
sulfonate (pTS) has been measured to be of the order
of 2 ps [3,4], while its dephasing time was shorter than
the 300 fs pulse duration [3]. A detailed dynamical
study of the resonantly and virtually excited excitons
has shown the importance of phonon-mediated exciton-
exciton interactions in this system [5,6]. Yoshizawa
et al. [7] made an extensive study of PDA-3BCMU
and 4BCMU where an ultrafast excitonic decay of the
order of 100 fs is attributed to the formation of self-
trapped excitons. On these same systems, four-wave
mixing measurements performed with an incoherent
nanosecond laser have shown wavelength dependent
dephasing times attributed to different chain length distri-
bution [8]. Huxley et at. [9] also reported the existence
of band gap states due to exciton-vibration coupling
which are responsible for the 95 fs exciton decay time
in pTS. These papers have stressed the importance of
exciton-phonon interactions in the decay process of
exciton population.

To our knowledge, no clear-cut experiment studying the
influence of these interactions on the phase relaxation of
the excitoniclike vibronic states has been done. Previous
femtosecond photon echo measurements, performed with
dye molecules in solution [10],have shown the important
role played by the molecule system modes on the electronic
dephasing. In conjugated polymers, one expects that it
is the different backbone carbon-carbon bondings that
dominate during the dephasing. It is the aim of the present

Letter to study such effects in a highly oriented PDA
system.

We report the first experimental investigation of the
time evolution of the vibronic spectrum of epitaxial
poly[1, 6—di(n —carbazolyl) —2,4 hexadiyne] (pDCH) films
excited with 10 fs optical pulses. A transverse excitonic
relaxation time T2 of 52 ~ 5 fs as well as 23 fs period
quantum beats associated with the C=C vibration mode
have been determined by photon echo experiments. In
addition, differential transmission measurements reveal a
significant delay ()50 fs) between the double (Xc=c)
and triple (Xc—=c) bond coupled excitons. These results
clearly establish the predominant role of a double bonding
character of the PDA backbone during the early dynamics.
They are interpreted as a change from the initial acetylenic
to a transient butatrieniclike configuration followed by
a return to the stable acetylenic configuration in the ex-
cited state.

The highly oriented pDCH films are grown by epi-
taxy on a potassium acid phtalate crystalline substrate
[11]. They are characterized by a large degree of poly-
merization ()98%) and present a uniaxial orientation of
the polymer chains. Their low temperature (2 K) ab-
sorption and reflectance spectra are similar to the ones
observed in single crystals [12,13]. This indicates high
crystallographic quality films as characterized earlier [11].
Figure 1 shows the absorbance spectra at room tempera-
ture of a 120 nm thick film for light polarization paral-
lel and perpendicular to the chain. The dichroic ratio is
of the order of 20 at the excitonic resonance for pho-
ton energy E = 1.919 eV. The two sidebands at 2.08
and 2.15 eV are due to the optically coupled vibronic
states corresponding to the C=C and C=C bonds of
the pDCH chain. The optical pulses are obtained from
60 fs CPM (colliding-pulse mode-locked laser) pulses at
620 nm which are amplified with a 5 kHz repetition rate
copper vapor laser and compressed to 10 fs with the fiber-
grating-prism compression technique [14]. Two types of
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FIG 1. Absorbance spectra of pDCH fo g pfor li ht olarization
parallel (dotted line) and perpendicular (dashdashed line& to the
chain. Full lines: 60 fs pump and 10 fs probe pulse spectra.

Time Delay ( femtoseoonds )

FIG. 2. Photon echo decay obtained with p10 fs ulses (full
line) and correspon ingd' fit (dotted line). The inset displays the
Raman spectrum of pDCH.

measurements ave een ~h b performed at room temperature.
Self-diffracted photon echoes generated by the sample ex-
cite y twod b 10 fs pulses with wave vectors ki and k2 are
measure in e ird in the direction 2k~ —k2 as a function o e-

surementlay ~ between the two pulses. This type of measuremen
allows one to probe the dephasing dynamics of the vi-
bronic states. e seconTh d type of experiment consisted of
differential transmission measurements mad

~ ~

made with s

pump and 10 fs probe pulses. In this case, the transmis-
sion changes in uce yd d b the pump pulse are recorded as
a function of delay 7- for different spectral regions of the
probe pulse se ec e wil t d th a monochromator after the sam-
ple. The temporal detection is performed by using step-

spectrotemporal characterization o p
in order to eliminate any spurious effect due pd e to the ulse
itself. The solid curves in Fig. 1 represent the probe and

The chirp characterization was ma e
b cross correlation in a potassium dihydrogen phosp ate
KDP) cr stal of the amplified uncompresse p
y cross corr

different spectral portions of the 10 fs pulse. The tem-
f th signal maxima coincide wit in +.5 fs

over the entire pulse spectrum indicating chirp-free pu ses.
We first studied the dephasing dynamics of the exci-

tonic resonance. n ig.I Fig. 2 we have plotted the amp i-
tude of a typical photon echo signal 52k, k, ~ ~, b,~„obtaine
with an energy of 400 pJ/pulse (approximate power den-

GW q. I addition to an overall asymmetric
decay, oscillations with a periodd T = 23 fs are observed.
These oscillations correspond to quantuuantum beats between

c=c= h/T of 180 meV relative to the excitonic reso-
This t e of behavior is well established in time-

resolved quantum beat spectroscopy an was o
s ~10 15~. The valuemolecular or semiconductor systems,

180 V obtained here corresponds to the energy ofme
This=C d bl bond mode of the pDCH chain.

m of thewas confirmed by measuring the Raman spectrum o e

sample under cw excitation with a helium-neon laser at
632.8 nm. The inset in Fig. 2 displays this spectrum with
th up of phonon modes near 1450 cm '. The quan-t e group o

f Fi . 2 suggest that most of the dephasing is
e DCH back-related to the double bonding character of the p

bone via X~ = pC=C honon interactions. No efficient
coupling between the exciton and the triple bond mo e
shows up in the first tens of femtoseconds during which

16 fs beat period, associated with the 2090 cm ' C—=C
stretching mode in the Raman spectrum, should be ob-
served with our 10 fs pulse.

To investigate further the mechanism related to the pre-
ce ing o servd observations, we studied its effect on the vibronic
populations with pump-probe measurements. Figure (a)
shows a three-dimensional plot of differential transmis-

AT& T f r different delays between the probe
is ofand pump pulses. These spectra reveal many details o

the energy relaxation in pDCH, i g
~ ~

includin hole burning
at the pump wavelength, exciton bleaching, and excited
t t formation which we shall not discuss here. The

most important feature is the observation of a y
tween the induced transmission at energies E„+Ec=c

d E + E = . In order to better show this de ay, weandE + c=—c
have resolved temporally three spectral regions 2 nm
wide) of the probe pulse with a 4 fs step.
temporal variations, correspon g g

~ ~

in to ener ies E, (exci-
) E + E =c (double bond replica), and E, + Ec=—c

~ 3 b. The in-(tri le bond replica), are displayed in Fig. 3
teresting point for our purpose is the s e ay
observed between the two phonon sidebands. This again
indicates that t eh h C—C mode couples more efficiently to
the exciton uring ed th first 50 fs. The population satu-

f /t ) E E —= occurs later. In Fig. 3(c) t eration for hru

up-converte signa rom0 l f om the cross correlation between
the probe and pump pulses is plotted for the same t ree
spectral regions as in ig.Fi . 3(b). The absence of delay in

t in Fi . bFig. 3(c) rules out any experimental artifact in Fig.
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within, respectively, -600 fs and )5 ps, in agreement
with previous observations [7,9].

It is important to insist on the transient character of the
mechanism proposed in Fig. 4. It is well admitted that,
for pDCH, the stable static configuration is the acetylenic
one [12]. Our dynamical results do not contradict this fact
since the C—=C triple bond is shown to play an important
role in the dynamics for time delays larger than -50 fs.
It is only during the very first relaxation step, which is
crucial for polarization dephasing, that the butatrieniclike
structure is believed to dominate. We would like to point
out that the mechanism of Fig. 4 does not necessarily
occur on the entire PDA chain since PDA excitons have
a charge transfer character [17] with a spatial extent of
a few repetitive units of the polymer. Let us notice
that the above results do not offer unique information
on the exciton-phonon interaction. Valuable information
can also be obtained with time-resolved Raman scattering
which allows spectral selection of the exciton dynamics
as reported for instance by Bosma et al. [18]. The full
advantage of these experiments, however, lies in the
frequency tuning of the pump which may be achieved at
the expense of a lower temporal resolution.

In conclusion, we have reported dephasing and energy
relaxation measurements of the excitonic vibronic states
in epitaxial pDCH films using ultrashort optical pulses.
The observed dynamics shows that, during the first 50 fs,
during which the electronic dephasing occurs, the exciton
strongly couples to the C=C double bond vibration mode
of the PDA chain. These results are interpreted as the
first observation of a transient butatrieniclike electronic
distribution along the PDA backbone [19]. These experi-
ments, as well as further studies of this type in different
conjugated systems, should lead to a better understanding
and modeling of the electronic delocalization dynamics in
polymers.
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