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Molecular Vibronic Structures of HDITC in Solutions Studied by
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Wavelength-resolved pump-probe measurements using 11 fs duration pulses were performed to study
the vibronic structures of HDITC, a cyanine dye, in ethylene glycol. Ten vibrational modes were observed
in the forms of quantum beats. The frequencies of these ten vibrational modes ranged from 135 cm™* to 1300
cm’'. The relative potential displacements along these ten vibrational coordinates were estimated by com-

parison with theoretical calculations.

INTRODUCTION

The knowledge of molecular vibronic potential sur-
faces is essentiai for the study of molecular dynamics. The
infonnation on detailed molecular vibronic structures, how-
ever, is difficult to obtain in condensed media where the sys-
tem-bath interactions obscure the vibronic transitions.
Resonance Raman scattering is a conventional too] to obtain
vibronic structures in condensed media, but it has limita-
tions too. In the case of the molecules having a strong fluo-
rescence with a lintle redshift, Raman signals are over-
whelmed by the fluorescence. In 1986, Tang’s group first
observed quantum beats of large dye molecules in solstions,
using the femtosecond transmission correlation technique.!
Thcy showed that the quantum beats were due to interfer-
ence between coherently excited vibrational levels,” and
therefore the beat frequencies were commensurate with the
energy spacings between the vibrational levels, Their pio-
neer work implied the possibility of using the spectral width
of the short pulse to resolve the molecuolar vibrational fre-
quencies. Pollard et al. further applied the wave packet the-
ory 10 describe the spectral evolution of quantum beats.* In
Llii,c wave packet picture, the pump beam generates nonsta-
tionary wave packets in the electronic excited state as well
as the ground state. The evolutions of these wave packets
afg: governed by the vibronic Hamiltonians of the system,
Sdbsequcntly the probe beam interrogates the nonstationary
wave packets at delay time t. The 3D plot of the intensity of

quantum beats as a function of probe time delay and probe
wavelength components reflects the temporal and spatial
propagations of the wave packets on the potential surfaces.
By the spectral analysis of the time-resolved pump-probe
spectra, one can in turn know the potential surfaces where
the wave packets propagate. These results heralded a new
way of using time domain techniques to obtain frequency
domain information.

In the present study, we applied the aforementioned
idea to study the relative geometry of the potential surfaces
of 1,1",3,3,3’,3"-hexamethyl-4,4’,5,5"-dibenzo-2,2’-indotri-
carbocyanine (HDITC), a cyaninc dye, in ethylene glycol
solution. This molecule and a similar dye HITC have pre-
viously been used in the study of ultrafast dynamics in solu-
tions”'? because their absorptions fall within the wavelength
region of the Ti:sapphire laser. Information about the vi-
bronic structures of these molecules is, however, very
limited since these dye molecules exhibit very strong
fluorescence in the concerned energy range. We per-
formed wavelength-resolved pump-probe (WRPP) meas-
urements on this molecule with 11 fs duration pump and
probe pulses. The 11 fs pulse, centered at 799 nm, had a
spectrai FWHM of 86 nm. This allowed us to observe the
vibrational frequencies up to 1400 em’. Ten oscillatory
frequencies in the range of 30 cm™ to 1400 cm’ were ob-
served, The experimental results were compared with the
theoretical calculations to obtain the potential surface infor-
mation.
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EXPERIMENTAL

The laser system used for obtaining 11 fs pulses has
been described in great detail elsewhere.'™® Briefly, a
home-built Kerr lens mode locked Ti:sapphire laser pumped
by a 5W CW argon ion laser yielded a train of pulses cen-
tered at 800 nm with a repetition rate of 85 MHz and ~15 fs
autocorrelation time. The pulse power spectrum had a
FWHM of 86 nm (see Fig. 1).

The sample of HDITC dye (Exciton) in ethylene gly-
col was pumped through a nozzle, forming a jet with a thick-
ness of 100 um. The optical density of the jet at 780 nm was
maintained at 0.3 or fess. The pump energy at the sample
was 1-2 nJ and probe energy was 10 to 20 times lower than
that. After passing through the sample, the probe beam was
dispersed in a spectrometer. The intensity ot the selected
wavelength component was detected by a photomultiplier
(Hamamatsu R928) and the signal was processed by a lock-
in amplifier (SRS-850).

ANALYTICAL METHOD

In a pump-probe measurement, the system is subjected
to two pulses, viz. the pump pulse and the time-delayed
probe puise. One detects the difference in the absorption of
the probe beam in the presence and in the absence of the
pump beam. We considered the material polarization ex-
panded in the Taylor series of the electric field under a weak
field limit. In an isotropic mediui, the total integrated dif-
ference probe intensity, S(7), written in the lowest order
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Fig. 1. The absorption spectrum of HDITC/EG and the
laser power spectra. Solid line: experimental ab-
sorption spectrum; dashed line: experimental
power spectrum of the laser pulses; dotted line:
model power spectrum of the laser pulses.
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S(r) = —QIm/ di E5(t — r)P,Ef)(t,r) 6]

where 1 is the time delay of the probe pulse relative (o the
pump pulse; E5(1 — 1) denotes the conjugated temporal enve-
lope of the probe field; and P‘k?(z, 1) represents the material
third order polarization with wave vector k..

The difterence probe intensity is the integration of dif-
ferential probe intensity S'(®, 1), which has nontrivial val-
ues over the probe spectral width. We then have

5(7) E/ dw S'(w, T) 2)

The differential probe intensity S’(w, T) can be obtained by
dispersing the difference probe intensity S(1) through a
monochromator and detecting the signal at frequency @ with
spectral resolution dw. Writing the components of the inte-
gral in Eq. 1 in term of their Fourier componeats and com-
paring with Eq. 2, we obtain'*

§'(w,7) = —2mE; (W) P (w,7) 3)

The system under investigation consists of iwo elec-
tronic states separated by electronic 0-0 energy w,,. The
system Hamiltonian in the Born-Oppenheimer approxima-
tion can be separated into electronic and nuclear parts. The
electronic broadening function can further be partitioned
into inhomogeneous and homogeneous contributions. The
inhomogeneous broadening is treated in this study by inte-
grating a distribution, (), around the mean value @,
while the homogeneous broadening function is represented
as H(f). In case of the pump pulse and probe pulse being
temporally well separated, the material third order polariza-
tion can be written as*"*

POt 1) = & /m dts /w dts /w dtH(ts)H (1)
x{(Ru(ls, 12, t1) + Ra(ts, 12, 1))
xo=i (e ain =i we N ¥ Gty + 1)
X Byt —ta = T)E{(t = t5 — 1)
xE(t —ts —ty — 1)
H(Ra(ts, 12, 11) + Rs(ta, 2, 1))
xe i we=Ra)ts gflwe~R) x G135 — 1)
x Eq(t —ta — T)E1{t — t3 — t2)
xEj(t —t3 — t2 — 1)} “)
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where

G(t) = / T e o

-0

The material nuclear response functions Ru{fs, f2, I) €x-
pressed in terms of the lineshape function g(1) are given as'®

Ri(ts to, 1) = exp{—g"(ts) — g{ts) — f3{ts ¥ 12 + 1))
Ro(ts, 12, 1) = exp{—g"(t3) — g* (1) + fi (1 + t2 + 13)}
Ra(ts, t2, 1) = exp{—g(ta) —¢"(t1) + f2(t1 + t2 + t3)}
Rifta, ta, 1) = exp{—g(la) —g{t:) — f-{t1 + 2 + )}  (6)

where

fe(ti+ 1y +13) = g7 (t2) — g" (t2 + t3)

—g(t1 +12) + g(t1 +t2 + 1a)
fo(ti+ta+13) = g(t2) — g(t2 + t3)

—g{ti +ta) +g{ty + i +13) (D

£(1) counts the contributions from a variety of nuclear dy-
namics. For molecules undergoing frictionless harmonic
oscillations with finite coherence times 1/v, the lineshape
function takes the form as

g,(t) = ZS‘[(("") F1)(emier )
H(ni)(ef i - 1)), ®)

where §;=A (/2 and <n> = 1/("*" — 1). Here S; denotes
the Huang-Rhys factor, A ; is the dimensionless displace-
ment of the equilibrium position between the excited state
and the ground state potential surface along the dimension-
less vibrational coordinate x;, and <n> is the thermal occu-
pation number of the ith vibrational mode.

Under similar approximations, the linear absorp-
tion and fluorescence cross sections can be calculated
by

ga(w) ocw x /0 dt expli(w — wo)t] exp[—g(?)]

op(w) WSX/:O dtexp[i{w —wo)t]exp{—g*(t})]. 9
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EXPERIMENTAL RESULTS AND NUMERICAL
ANALYSIS

Fig. 1 shows the overlay of the absorption spectrum of
HDITC dye in ethylene glycol with the experimental and
madel laser pulse power spectra. The experimental power
spectrum is as recorded on the spectrometer equipped with a
photomultiplier (Hamamatsu R928) without further inten-
sity calibration. The model pulse power spectrum was used
in the calculations of the pump-probe signals. It has a
Gaussian form centered at 799 nm with the pulse duration
FWHM of 11 fs.

Fig. 2 shows the wavelength-resolved pump-probe
spectra in the range of 705 nm (0 855 nm. Each signal con-
tains a small oscillatory component above the large offset.
All the signals have been scaled to match the offsets in the
picosecond time region so that the ratios of the oscillatory
amplitudes relative to the offsets can be compared. As is
clearly seen the oscillatory frequencies as well as the ratios
of the oscillatory amplitudes to the offsels are higher at both
ends of the probe wavelength components than at the center.
The ratios at the red side of the probe spectrum are even
higher than those at the blue side. These phenomena are
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Fig. 2. Experimental wavelength-resolved pump-probe
signals of HDITC/EG obtained with 11 fs dura-
tion pulses.
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consistent with the prediction of the wave packet picture de-
veloped by Poltard et al.® They pointed out that the strong-
est oscillation was expected to be at a wavelength where the
slope of the linear absorption is greatest, while the weakest
modulation would be expecied around the maximum of the
linear spectrum where the slope is zero. The offsets can be
fitted by two exponential functions with a fast time constant
of about 200 fs and a slow time constant of about a few tens
of picoseconds.

Fig. 3 displays the Fourier power spectra of the oscil-
latory components in Fig. 2. The oscillatory component of
each WRPP spectrum was obtained prior to the Fourier
transformation by subtraction of the offset using two expo-
nential functions, Each Fourier power spectrum was plotted
in the region of 30 cm™ to 1400 cm™ and was normalized
with respect Lo the highest peak in this region. The spectral
width of the laser pulse allowed observing vibrational fre-
quencies up to 1400 cm™. Any peak intensities below 30
cm’ are not reliable since the WRPP signals were only re-
corded up to 1.8 ps. Hence, the features appearing below 30
cm’ are probably due to insufficient subtraction of the off-
set. In the wavelength range of 765 to 795 nm, the spectra
are dominated by the 135 and 296 cm™ peaks. The high fre-
quency modes become prevalent toward the red as well as
blue sides of the pulse wavelength components. We can
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Fig. 3. Fouricr power spectra of the experimental 11 fs

pulse wavelength-resolved pump-probe signals
of HDITC/EG.
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visualize the PP signals as being the results of wave packets
moving on the electronic excited state or/and on the ground
state potential surfaces. ™ The transition wavelengths of the
wave packet at boundaries of the potential surfaces set the
extremes of the wavelength region where the vibrational co-
herence (i.e. oscillatory component) can be observed.
These extremes are determined by the vibrational frequency
and the relative potendal displacement along the vibrational
coordinate. Since the potential surface along the vibrational
coordinate of a higher frequency mode has a steeper curva-
ture, the oscillations can be observed in a wider spectral
range. Also, for a vibrational mode, the larger the relative
displacement s, the wider the spectral range can osciliations
be observed. The study of wavelength dependence of the
oscillatory amplitudes in WRPP spectra enabled us to obtain
the relative potential displacements along the vibrational
coordinates.

In addition to Fourier transformation, the amplitudes,
frequencies, absolute phase angles, and decay rates of the
oscillatory components were also analyzed using the linear
prediction singular value decomposition with the assump-
tion that the experimental data can be represented by a sum
of exponentially damped cosinusoidal functions:

Spp(T) = Z A; cos{wiT + ¢i) exp(—7i7) (1M

The wavelength-averaged frequencies and decay time con-
stants of the 10 resolved vibrational coherences, thus ob-
tained, are listed in Table 1.

The frequency of a vibrational quantum beat corre-
sponds to the energy spacing between two vibrational lev-
els. After examining the various possible assignments for
these 10 resolved frequencies, these were assigned as the
fundamental vibrational frequencies of the chromophoere
(see the discussion section). The relative displacements of
the electronic potential surfaces along the 10 corresponding
vibrational coordinates and electronic parameters were esti-
mated by fitting the wavelength-resolved pump-probe spec-
tra and the absorption spectrum. The four-fold integration
for P, 1), including the three-fold integrals of Eq. 4 plus
Fourier transformation of PY(t, 1) over 1, were calculated
using a Monte Carlo integration routine."” The precision
was set at 1%. The electronic homogeneous broadening
function was assumed to be a simple exponential decay
function ¢ ™ while the inhomogeneous broadening took a
Gaussian distribution. Including 0-0 energy, 7., an inhomo-
geneous width, and the 10 vibrational displacements, i.e. to-
tal 13 parameters, were fitted to the absorption spectram and
13 wavelength-resolved pump-probe spectra in the range of
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Table 1. Parameters of the 10 Resolved Vibrational Modes in Wavelength-resolved Pump-probe Spectra of

HDITC in Ethylene Glycol

alem™) 135 297 396 436
Yem™) 12 8 6 5
ratios of A 1 0.55 03 0.3

526 575 730 936

1057 1310

6 4 5 6 8

0.25 03 0.27 027 0.18 0.23

@ is the vibrational frequency, yis the averaged vibrational dephasing rate, and A is the unitless potential dis-

placement.

725 nm to 855 nm. The calculated intensities of the spectra
of 705 am and 715 am were too small to afford good con-
verged results and were hence not used.

In the fitting process, we found that the present WRPP
spectra could only determine the relative magnitudes of the
displacements along the 10 vibrational coordinates. This is
because we did not know the absolute intensity of each
WRPP spectrum. Therefore the Stokes shift was used to set
the boundaries for displacements. The experimentally
measured Stokes shift is the frequency separation between
the absorption and emission maxima. Results of the calcu-
lation of linear spectra suggested that the Stokes shift was
dominated by the displacement of the 135 cm™ mode. The
displacements of all other modes were small compared to
that of 135 cm™' mode, which broadened the linear spectra
but did not shift the positions of the maxima. Therefore the
experimental Stokes shift of 480 cm™ sets the upper limit of
A =1.9 for the displacement of the 135 cm™ mode. We fur-
ther found that if the displacement of 135 cm™ mode was
larger than 1, the displacements of the higher frequency
modes determined relative to it through the WRPP spectra
would be t00 big so that the intensity on the blue side of ab-
sorption maximum would be overestimated. The displace-
ment of 135 cm™! mode should hence be less than 1. When
we gradually reduced the displacement of the 135 cm™
mode below 1, the ratio of the oscillation amplitude vs. the
offset in the WRPP specira decreased and approached the
experimental value but, on the other hand, the calculated
shoulder intensities of the linear spectra decreased and devi-
ated from the experimental data. Although the vibrationat
modes with frequencies higher than 1400 cm™ could con-
tribute to the shoulder intensity, their contributions would
be mainly on the blue side of the shoulder because of their
higher frequencies. The red side of the absorption shoulder
should be dominated by the modes with frequencies less
than 1400 cm™. Asa compromise to these two opposite ten-
dencies, we calculated the case that the displacement of the
135 em™ mode was set to be 0.6. The ratios of displace-
ments of all other modes determined relative to it are listed
in Table 1.

Fig. 4 shows the Fourier power spectra of the calcu-

lated pump-probe spectra using the aforementioned vibra-
tional parameters. The elecironic parameters were deter-
mined by fitting the absorption spectra as 12620 cm” for 0-0
energy, 20 cm’ for the electronic dephasing rate ., and
FWHM of 753 cm’' for the inhomogeneous width. Bach
spectrum in Fig. 4 is normalized by the highest peak. It can
be seen that the calculated spectra reproduce the general fea-
tures of the spectra in Fig. 3. The low frequency modes
show strong intensities around the center wavelength com-
ponents and the high frequency modes show the dominating
effect on both sides.

The most obvious difference between the calculated
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Fig. 4. Fourier power spectra of the calculated 11 fs
pulse duration wavelength-resolved pump-probe
signals of HDITC/EG. The dimensionless poten-
tial dispfacements for the 10 vibrational mdoes are
0.6 (135 cm'!), 0.33 (297 cm™'), 0.18 (396 cm’™),
0.18 (436 cm™), 0.15 (526 cm™'), 0.18 (575 cm™),
0.16 (730 cm™), 0.16 (936 cm*), 0.11 (1057 em™),
and 0.14 (1310 em™). See text for the electronic
parameters.
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and experimental WRPP spectra is that the calculated inten-
sities of the low frequency modes of 135 cm™ and 296 cm™
decrease more slowly on both sides of the probe wavelength
components than the experimental ones. In the real system,
low frequency modes usually exhibit anharmonicity and/or
mode couplings to other vibrational degrees of freedom. A
wave packet is the superposition of multiple vibrational
states. The blue wavelength components of the probe beam
induce transitions between the high energy vibrational
states of the electronic excited state and bottom states of the
electronic ground state while the red wavelengths induce
transitions between the high energy states of the electronic
ground state and the low energy states of the electronic ex-
cited state. The density of states increase with potential en-
ergy. The mode coupling became more effective with the in-
crease of the density of states. In addition, the energies of
the vibrational modes with frequencics less than or close to
the thermal energy kzT can be easily transferred to other
modes through thermally induced energy matches. There-
tore, the effects of mode couplings should be strong on high
vibrational states of the low frequency modes which interact
with both sides of the probe wavelengths. Meanwhile, an-
harmonicity becomes more obvious at high vibrational lev-
els. The difference between the model and real pulse power
spectra might also be responsible for the deviation.

Fig. 5 shows the 3D plots of the calculated WRPP
spectra viewed from both sides of the probe wavelength
components. In comparison to the absorption spectrum, the
spectral shape at each delay time was limited by the pulse
spectral width. The strongest intensity occurs only around
maximum absorption because the potential displacements
along the vibrational coordinates are all very small and
therefore the centers of the wave packets move only within a
few manometers. The motions of the wave packets can still
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be clearly visualized through the curves cut perpendicularly
to the wavelength axis. At 220 fs, which is about one vibra-
tional cycle of the 135 cm™ mode, the probe intensity shows
a peak on the blue side of the probe wavelengths and a valley
on the red side, while at 370 fs, the three second of the vibra-
tional cycle, the peak occurs on the red side of the probe
wavelengths and the valley on the blue side. These phenom-
ena correspond to the wave packet moving from one turning
point of the potential surface to the other turming point.

DISCUSSION

11 fs pump-probe measurements resolved 10 oscilla-
tory frequencies ranged from 30 cm™ to 1400 cm™. Among
them, the three lowest frequencies of 135 em’, 297 cm’,
and 396 cm™ were resolved for the first time for this type of
cyanine dye molecule. While the strong pump scatiering in-
terferes with the Raman scattering measurements on the low
vibrational frequencies, the pump-probe measurement using
a ultrashort pulse is particularly useful to study the low vi-
brational frequencies covered within the laser spectral
width.

The 11 fs wavelength-resolved pump-probe measure-
ments also allow us to study the relative geometries of po-
tential surfaces in the optical resonance for this type of dye
for the first time. There were only postresonant Raman scat-
tering data available'® before because these dye molecules
exhibit the strong fluorescence with little red shift.

We have assumed earlier in the data analysis that the
10 resolved oscillatory frequencies in the WRPP spectra are
the fundamental vibrational frequencies for both the elec-
tronic excited as well as ground states. This assumption is
based on the conclusions drawn by examining the other pos-
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Fig. 5. 3D plots of the calculated 11 fs pulse duration wavelength-resolved pump-probe spectra as a function of probe wave-

length components and probe time delay.
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sible assignments. For instance, 730 cm™ might be the com-
bination band of 297 cm™ and 436 cm™ modes. This possi-
bility can be ruled out because the dephasing rate of 730 cm’
coherence is found to be lower than those of two low fre-
quency coherences (see Table 1). The second case is that
135em™, 297 cm™, 396 cm™', 526 em™* could be the progres-
sion of the 135 cm™ mode. However, it is noted that the os-
cillation of the first overtone frequency can be observed
only when the displacement of the 135 cm™ mode is larger
than 1. This condition is contradictory to the requirement
for fitling the absorption spectrum (see the discussion in the
result section). In contrast, the assignment of small dis-
placements for all vibrational modes happens to be self-con-
sistent, with the assurance that overtones cannot be ob-
served and all the frequencies are fundamental frequencies.
The other ambiguity is that any two resolved frequencies
might originate from a distorted vibrational mode upon ex-
citation. Since the geometry and the dipole moment of the
molecule did not change significantly upon the excitation, it
is expected that modes with vibrational frequencies larger
than 700 cm™ will not be distorted. Several combinations of
two low frequencies (< 600 cm™) for a distorted vibrational
mode do not yield the spectral feature exhibited in Fig. 2,
i.e. the relative intensities of lower frequency coherences
comparted to those of the high frequency coherences de-
crease from the center to the sides of the probe wavelength
components. The calculation with the assumption that all
frequencies are fundamental frequencies only yields the
best fit to the experimental data.

The deviation of the calculated intensities of 135 cm™
modes in the WRPP spectra from the experimental data at
both ends of the probe wavelength components indicates
that a simple harmonic oscillator is not adequate to describe
the motion associated with this mode. This deviation could
be due to the anharmonicity and/or mode couplings in the
real system, Nevertheless, it demonstrates that the WRPP
signals are sensitive to the detailed structures of the poten-
tial surfaces and dynamics, providing more information
than we could model by far.

We have calculated the relative ratios of the potential
displacements along the ten vibrational coordinates. The
determination of absolute values of the potential displace-
ments needs more experimental data and theoretical analy-
518 and is in progress.

CONCLUSION

We report here observation of rich oscillatory struc-
tures in 11 fs wavelength-resolved pump-probe signals.
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The Fourier transform and analysis of singular value decom-
position of the oscillatory components resolved ten frequen-
cies. Among them, the three lowest frequencies of 135 cem’,
297 cm’', and 396 cm™' are resolved for the first time for this
type of cyanine dye molecule. All ten frequencies are as-
signed as fundamental vibrational frequencies of both elec-
tronic excited and ground states. The relative potential dis-
placements of the ten vibrational modes are obtained by fit-
ting the absorption spectrum and the relative intensities of
oscillatory components of the 13 wavelength-resolved
pump-probe spectra using the molecular third order polari-
zation. The results show that all displacements are smaller
than 1. The lowest two vibrational modes of 135 cm™ and
297 cm’ exhibit the largest disptacements while the highest
two vibrational modes of 1057 ¢cm™ and 1310 cm™ exhibit
the smallest displacements.
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