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Observation of Herzberg—Teller-type Wave Packet Motion in Porphyrin J-Aggregates
Studied by Sub-5-fs Spectroscopy
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Receied: July 2, 2001; In Final Form: September 27, 2001

An interaction of the Frenkel exciton with the molecular vibration has been studied using sub-5-fs multichannel
real-time spectroscopy. The coherent molecular vibration with a#135fs period is observed in the time-
frequency two-dimensional difference absorption spectrum. An analysis of the phase and amplitude of the
oscillation has revealed that both of the negative (bleaching and photoinduced emission) and positive
(photoinduced absorption) signals are modulated synchronously. The experimental result is well explained in
terms of a transition dipole moment modulated by a dynamic intensity borrowing from an intense B transition
to a weak Q transition through the vibronic interaction. The wave packet observed in the present study can
be classified as a Herzberdeller type in contrast with the frequently studied conventional Frai@ndon

type.

1. Introduction interaction manifested by small Stokes shift of the fluorescence.
rForphyrin J-aggregate is employed for the sample as one of

Femtosecond real-time spectroscopy has revealed a wealt . :
of information about vibrational dynamics and coherence in moqlel sut_)star_lces for F_renkel exciton system. DeSp'te. the_weak
exciton—vibration coupling, the coherent molecular vibration

molecular and condensed matter systems. A wave packet is; learly ob 4in the i q d f the induced
prepared as a simultaneous excitation of vibrational manifold IS clearly observed In the ime dependence ot he induce

by an ultrashort laser pulse and is observed by several techniquegbsorpt'on c.han.ge.' Although we have already reported such
transient oscillation in the same systéhthe spectral range was

such as time-resolved absorption and fluorescence spec- wicted b f th h tic lock-in detecti |
troscopies. From a technological viewpoint, recent development[ﬁS rcte te(;agseho € m?rr:oz_: c;oma:jlcboc -Itr'] € EC lon. In
of ultrafast science enables us to utilize an extremely short pulses € present study, however, the induced absorption changé was
in a sub-5-fs time scale.Especially, noncollinearly phase- measured as a continuous spectrum. The direct observation of

matched optical parametric conversion has been attracting athe transient oscillation and clear spectra_l depende_nce of Fhe
amplitude and phase enable us to elucidate the interaction

great interest as a novel method of ultrashort pulse generation - N .
with frequency tunability:-6 The noncollinear optical parametric between the exciton and the molecular vibration in more detail.

amplifiers (NOPASs) based on this scheme have been exploited
to generate sub-5-fs pulses in the visible by our groGoich

an ultrashort laser pulse can be applied to a study of the 2.1. Sub-5-fs Real-Time Pump-Probe Experimental Ap-
electron-vibration or excitor-phonon interaction through the ~ paratus. The experimental setups of the sub-5-fs pulse genera-
observation of the vibrational wave packet. Since the first tion® and sub-5-fs real-time spectroscépyare described
observation of molecular vibrations in the condensed phase byelsewhere. In the present study, multichannel ptpipbe
Rosker et al’, coherent nuclear motions on the femtosecond spectroscopy was employed with use of a CCD camera with a
time scale have been observed in dye moleciilas, poly- polychromator. The reference and probe pulses were dispersed
mersi®iland in biological substancé:4 Concerning exciton by a polychromator (Acton, 320i; 150 groove/mm, 500 nm
systems, our group has also reported the coherent moleculaBlaze) and grabbed simultaneously by a two-dimensional-CCD
vibration in polydiacetylerié and metat-halogen comple® camera (Roper Scientific, TE/CCD-1100-PB/UVAR; 1180
which shows large lattice relaxation energy. On the other hand, 330 pixels) within 500 ms. The spectral resolution of the total

in the case of the exciton system which couples weakly with system was about 4 nm. Two sets of 500 laser shots were
the molecular vibration, few investigations have been per- accumulated under excited and nonexcited conditions one after

formed2314and the origin of the oscillations has not been fully the other, and this procedure was repeated 10 times for each

understood. Especially, the phase of the oscillations has not beerflelay-time. The broad spectrum of the probe pulse enabled the

investigated in detail. investigation over the wide spectral range from 1.6 to 2.3 eV.
In the present study, we apply the multichannel sub-5-fs real- All measurements were performed at room temperature.

time spectroscopy to molecular J-aggregates in order to shed 2.2. Sample Preparation and Stationary Absorption Spec-

light on the excitor-vibration coupling in the one-dimensional ~ trum. Tetraphenylporphine tetrasulfonic acid (TPPS; Tokyo

2. Experimental Section

Frenkel exciton system, which shows small exciteibration Kasei) and poly(vinyl alcohol) (PVA; Kanto Chemical) were
used without further purification. A sample preparation of a
" Part of the special issue “Mitsuo Tasumi Festschrift’. unidirectionally oriented film was described elsewh&¥.
* To whom correspondence should be addressed. F81—3—-5841— Figure 1 shows stationary absorption spectrum of the J-

4228. Fax:+81—3—-5841-4240. E-mail: kobayashi@phys.s.u-tokyo.ac.jp. .
* Present address: Department of Chemistry, University of Tokyo, Hongo ddregates and the laser spectrum. The absorption spectrum of

7-3-1, Bunkyo, Tokyo 113-0033, Japan. the J-aggregate is characterized by mainly two bands, the
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Figure 1. Stationary absorption spectrum of the TPPS J-aggregates
(solid line) and laser spectrum (dashed line).
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Figure 3. Three-dimensional plot of the time-resolved difference
absorption spectrum of TPPS J-aggregates as functions offpbbé&n
energy and delay time. Data have been smoothened within 50 fs in
order to clearly show the transient oscillation.

photon flux { = 1.2 x 10?° photons/s crf) by the two-photon
absorption process for the following reason. A typical value of
the two-photon absorption cross section for anthracene is on
the order of 10-%nt* s 23 which is known to be relatively large
among aromatic molecules. Even if the two-photon absorption
cross section for the porphyrin J-aggregat®, is assumed to
have a similar large value, the amountatPl = 1.2 x 10°2%

cn¥ is still much smaller than the one-photon absorption cross

Figure 2. Resonance Raman spectrum of TPPS J-aggregates. Thesection for the porphyrin J-aggregatel(0-15 cm). Hence, no

excitation wavelength is 488 nm.

B band (S$-exciton statefiwmax = 2.53 eV) and the Q band
(Si-exciton statehwmax= 1.75 eV); therefore, in the following,
we shall focus on these two bands (quasi-two-band Frenkel-
exciton systertf19,

2.3. Stationary Raman Spectrum.Figure 2 shows the
resonance Raman spectrum of the sample under the excitatio
of the B band (2.53 eV). Two peaks are clearly observed at
244 and 316 cmt. These peaks have also been detected by
Ohno et al® and Akins et af° They have reported that the
two bands at 241 and 317 care attributed to out-of-plane
ruffling and doming modes, respective?! They have also
found that these two bands are drastically enhanced by a facto
of more than 30 with respect to the corresponding two bands
of diacid monomer at 233 and 310 cin Similar enhancement
effect is also observed at 236 and 314 ¢énof TCPPH2+
(tetraphenylporphine tetracarboxyl acid) aggregéimsd at 386
cm~1 of CuTOOPP ((5,10,15,20-tetrakis[4-(1-octyloxy)phenyl]-
porphinato)copper-(l1)) aggregat&therefore, the enhancement

is likely due to the aggregate formation. Because the aggregation

formation is expected to influence the out-of-plane mode

between adjacent porphinato macrocycles, the intermolecular

interaction may also have to be taken into account.

3. Results

3.1. Real-Time SpectrumFigure 3 shows three-dimensional
plot of the time-resolved difference absorption spectrum, which
clearly indicates the coherent oscillation as well as the slow-

1

S, exciton can be created at the present experimental condition.
The difference absorption spectrum is displayed as a function
of the delay time in Figure 4a. The predominant feature
commonly appearing in the traces is high-frequency oscillations
in addition to the underlying slow-dynamics transient compo-
nents. The oscillatory signal size is drastically reduced around
1.78 eV. The overall slow dynamics of the induced change of

The absorbanceA@) by photoexcitation originates from the

excited states of excitons. Following the excitation of the
J-aggregates, the negatit@\ is observed over the whole range
of delay times for 1.71 eV< Epop <1.78 eV, whereEpop
represents the probghoton energy. This is attributed to BL
and PIE of the $exciton state. At probe energies higher than
.78 eV, theAA signal becomes positive due to the PIA. In
fact, because of the BL around 1.85 eV, tAé\ signal
overshoots to be negative around 1.80 eV as the delay time
increases. The positivAA signal is more clearly observed if
only the red side of the Q band is photoexcited. Note that the
BL, PIE, and PIA spectra overlap with each other.

Measured decay traces are fitted to convoluted curves of the
system response function with the following equation, and the
results are presented in Figure 4a as dashed (A), dotted (B),
and solid AA) lines:

AA(hw) = A(hw) exp(—t/t) + Bhw) (1)
The decay-time constant does not change significantly around
the Q band and is determined to be about 320 fs. The spectral
profile of each componeniA(hw) solid andB(hw) dashed) is

dynamics component. As shown in Figure 1, the laser spectrumshown in Figure 5. In the following, the exponentially decaying

covers the whole width of the;S®xciton state of the TPPS
J-aggregates, whereas theeXciton state is outside of the laser
spectrum. The Sexciton is not photoexcited in the excitation

componentA(hw), is referred to as a 320 fs decay component.
Next the origins of the 320 fs decay and constant components
are to be discussed. The 320 fs decay component cannot be
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Figure 4. (a) Delay-time dependence of the induced absorption change of TPPS J-aggregates (solid line) and fitted results (dashed, dotted, and
dot—dashed lines) at six probghoton energies marked on the right; (b) Delay-time dependence of the oscillating component in a (solid line) and
fitted result (dotted line); (c) Fourier-power spectrum of the oscillating component in b integrated from 100 fs to 1.2 ps.

attributed to the Q-exciton (Sexciton) lifetime, because its (n =1, 2, ...)], and the 320 fs decay component is attributed
lifetime has been reported to be about £300 ps?° Because to the fast relaxation process from higher ME8s$:(n = 2,

no B exciton ($ exciton) is created in the present condition, it 3, ...)] to the one-exciton state, which is expected to be faster
cannot be ascribed to the B-exciton lifetime. The key is the than the decay of the;®xciton. A similar decay-time constant
blue-shifted PIA dominantly contributing to the 320 fs decay (200 fs) has also been observed in the PIC J-aggregates and is
component, which is one of the characteristic features of the also ascribed to the relaxation process from the higher KES.
exciton system in the J-aggregates. Because of the PauliOn the other hand, the constant component can be explained
exclusion principle (in other words, phase-space-filling effect by several relaxation in the Q band and the lifetime of the Q
in the present system), a creation of the exciton in the aggregateexciton.

requires higher photon energy as the number of the exciton is 3.2, Dynamics of Excitonic StatesThe time dependemfA
increased® Hence, the blue-shifted PIA is attributed to the signal consists of the slow relaxation component due to exciton
transition to the multiexciton state [ME®) + 1,50 |n,S0 decay and the highly oscillating component due to molecular
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Figure 5. 320 fs decay (solid line) and constant (dashed line)
components in the transient signal and the stationary absorption 200
spectrum (dotted line).

vibration. It is noteworthy that the latter is observed only around
the Q band. In this subsection, the slow relaxation component 0
is to be discussed in detail. The excitonic transitions are
classified into the following three components, namely, BL and
PIE due to|1,50« |GUOand |1,S0— |GL) respectively, and Photon energy (eV)
PIA due to the transmon to the MESN[+ 1,51+ |n,SlD(n - Figure 6. Two-dimensional contour plot of the Fourier power spectrum
1,2, ..)]. Herenin |n,S,[denotes the number of the &xcitons of the oscillating component of the induced absorption spectrum. The
(Q excitons) in a single aggregate. Because of the small Stokesvertical and horizontal axes correspond to the prepieoton energy
shift, the BL is indistinguishable from PIE. Both of the BL and and oscillation frequency, respectively. Brighter regions indicate greater
PIE give the negative signal in the induced absorption spectrum. signal intensities.
On the other hand, the positive signal at the preplkoton
energy slightly higher than the peak of the Q band originates intensity at the 247 cm peak is drastically reduced at prebe
from the PIA due to the transition such g+ 1,50 |n,S;0 photon energy around 1.78 eV, across which the sign of the
(n=1, 2, ...). This PIA becomes remarkably observable when oscillation amplitude is reversed (in other words;phase
the red side of the Q band is excited. Because the transientdifference).
oscillation is observed only around the Q band, the signals due Figure 2 shows another peak at 316 ¢mnder the resonant
to PIA as well as BL/PIE are modulated. In addition to that, excitation of the B band. This is assigned to the doming rffode
another PIA due to the transition to higher-excited-exciton states and is also enhanced by aggregation. The peak around 315 cm
[11,S:0— |1,50(m = 2, 3, ...)] is also observed far above the in Figure 4c can be attributed to the mode; however, it is very
Q band Eprop > 1.75 eV) and aroundyo, < 1.71 eV. Here, weak in the real-time spectrum in comparison with the ruffling
|1,S.0indicates one-exciton state of,®xciton, namely, the ~ mode. It may be explained by different coupling property of
excited state of an exciton originated from ap&Xcited state the B exciton with the Q excition for the doming mode. As
in a TPPS molecule. It has been confirmed by 100 fs pump Will be discussed in a forthcoming paper, the real-time
probe spectroscop. This PIA does not show the transient spectroscopy of the B excitation shows both of ruffling and
oscillation. doming modeg¢ In the following, the coherent oscillation with
3.3. Analysis of Coherent Molecular Vibration. For the the frequency of 247 cm will be considered.
discussion of the molecular vibration, smoothened traces by 3.4. Analysis of Phase and Amplitude of OscillationOwing
averaging over a 200 fs period are subtracted from the transientto the extremely high time resolution, the phase and amplitude
traces. We have carefully checked the dependence of the Fourieof the oscillation can be precisely evaluated. The oscillating
power spectrum of the time window (200 fs in the present report) component in Figure 4b is fitted to a cosine function with an
and found that there was no prominent peak below 240'cm fixed oscillating frequency of 247 cm, which is also shown
It has also been confirmed that the decay component is morein Figure 4b. Figure 7 shows the prebghoton energy
dominant than the oscillating component below 240-tm  dependence of the phase and amplitude of the oscillation. The
because a similar result to Figure 4c is obtained by the Fourier continuous spectra of the phase and amplitude clearly show that
transformation of the oscillating component calculated by the phase is constant throughout the Q band (#1.3.8) x
subtraction of the fitted slow-relaxation component from the 107! radian) and that the sign of the amplitude is reversed around
trace (not shown). The two-dimensional contour plot of the 1.78 eV. This result is consistent with the result calculated by
Fourier-power spectrum of the oscillating components is also the complex Fourier transformation. The prefphoton energy
displayed in Figure 6 as functions of prebghoton energy and  where the sign reversal takes place is slightly higher than the
oscillation frequency. The resolution is determined to be 13 peak of the Q band and is located very close to the probe
cmt (fwhm) by the width of the delay-time window in the photon energy of the null absorbance change in the 320 fs decay
Fourier transformation analysis. The Fourier spectrum clearly component. Because the sign of the BL/PIE signal is opposite
shows an intense peak at 24%7 cnrl. This frequency to the sign of the PIA signal, the spectral profile of the amplitude
corresponds to an oscillation period of about 135 fs. Other higher indicates that the oscillations are in-phase for BL/PIE and PIA.
modes are much weaker than the 247 ¢peak in the Fourier This can be rephrased in the following way. All of the
power spectrum. The peak around 247-érs observed in the oscillations of the absolute value of absorbance change in the
resonance Raman spectrum shown in Figure 2, and it is assignedvhole spectral range are synchronous with each other with a
to the ruffling mode?® As is clearly shown in Figure 6, the constant phase.

1.70 1.75 1.80 1.85
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candidates. However, model a can be ruled out because the
~ ] oscillator strength is concentrated kn= 1 one-exciton state

=~ (~80%), and other transitiork(= 3, 5, ...) is expected to take
L ‘ L 1o place only with a vanishingly small probability.

175 1.80 1.85 1.90 4.2. Wave Packet Motion on Ground-State PESSecond,
Photon energy (eV) we shall focus on model b. The time dependence of the

Figure 7. Probe-photon energy dependence of the phase (upper) and @bsorbance change due to the wave packet prepared on the
amplitude (lower) of the oscillation in the transient signals (dots). The ground-state PES (ISRS; Figure 8b) is described with a sine
oscillating component is fitted by a cosine function with a period of function, and the amplitude spectrum of the oscillation is
135 fs. approximately expressed by the first derivative of the stationary
absorption spectrum. In the present condition, however, the
contribution of the ground-state oscillation is negligible because

Absorbance

1.70

4. Discussion

We are now in a position to investigate the excitatibration of the following two reasons. First, the oscillation is not
interaction in more detail. In comparison with the electron  described by a sine function but is much closer to a cosine
vibration interaction in the monomer, the excitevibration function. Second, the phase of the oscillation in the BL/PIE

interaction in the aggregate system is different in the following signal is identical with the one of the oscillation in the PIA,
three aspects. First, the Stokes shift of the fluorescence is quitewhich must be ascribed to the wave packet motion on the
small (less than 20 meV). Second, as shown in Figure 2, the excited-state PES. If the ground-state oscillation is also con-
low-frequency Raman mode (244 and 316 ¢énis strongly tributing to the signal, this excellent agreement of the phase
enhanced. Last, the transition from the one-exciton state to therelationship will be no longer observed. Therefore, the wave
two-exciton state is located at the pretgghoton energy slightly packet motion on the ground-state PES does not contribute much
higher than the stationary absorption peak. Owing to these threeto the observed oscillatory signal. Similar conclusions have been
differences, spectral and temporal profiles show characteristic drawn by Bradforth et &7 and Chachisvilis et din biological
properties inherent in the exciton system in the J-aggregates.systems.

The experimental result shows the synchronous modulation 4.3. Wave Packet Motion on Excited-State PESThird,
in the transitions which are due b, |G0) |1,S— |GL] model c is to be considered. In this scheme, the wave packet
andin+ 1,50 |n,S00n=1, 2, ...). To interpret this intriguing  prepared by the excitation pulse move on the excited-state PES
experimental result, we shall examine following four models: as shown in Figure 8a; therefore, the oscillation amplitude is
(&) quantum beat between differemtexciton states, (b) given by a cosine function. If the system consists of only the
conventional wave packet motion on the ground-state PES (inground state and one excited state (two-level system), the
other words, impulsive stimulated Raman scattering; ISRS), (c) amplitude spectrum of the oscillation can be approximately
conventional wave packet motion on the excited-state PES, andexpressed by the first derivative of a fluorescence spectrum
(d) dynamic intensity borrowing (DIB) (strictly speaking, derivative of the spectrum of a hot lumines-

4.1. Quantum Beat between Different Exciton Statesirst, cence). The phases of the oscillation are/2, andx for three
model a is to be discussed. The transient oscillation could be probe-photon energies at A, B, and C, respectively, marked in
ascribed to a beating between differergxciton states (MESs;  Figure 8a. In the present experiment, the Stokes shift of the
n=1, 2, ..), which are simultaneously photoexcited by the fluorescence signal is measured to be less than 20 meV;
broad excitation pulse. However, the oscillation persists longer therefore, the whole probghoton energy dependence of the
than 1 ps, which is much longer than the relaxation time from phase shown in Figure 8a can be detected with use of our
the MESs to the one-exciton state 320 fs). Therefore, the  broadband laser pulse. Assuming a wave packet motion on a
guantum beat between the differenéxciton states is unlikely.  harmonic PES, the oscillation must shomphase difference
In addition to that, the modulation frequency of 247 s in betweenEpohe = Eaps= 1.76 €V antEprone = 2Efuo — Eans=
excellent agreement with the resonance Raman spectrum. 1t1.72 eV, whereEaps and Eqyo are the peak photon energies of
indicates that the oscillation originates not from the inherent the absorption and fluorescence spectra, respectively. The former
property of the exciton but from the excitenibration interac- and the latter correspond to the positions indicated as A and C,
tion. The quantum beat between the one-exciton states withrespectively, in Figure 8a. Although it can be resolved enough
different momentak{ = 1, 3, ...) could also be one of the inthe present condition, the-phase difference is not observed



3450 J. Phys. Chem. A, Vol. 106, No. 14, 2002 Kano et al.

between 1.72 and 1.76 eV but found around 1.78 eV, which is
slightly higher tharEaps= 1.76 eV. Hence, the oscillation cannot
be explained only by taking account of the PIE process from
the excited-state wave packet. In the present case, in fact, the
PIA due to the transition to MES must also be considered. This
PIA is located at the probephoton energy slightly higher than
the peak of the Q band. If the amplitude of the oscillation due
to the PIA is more dominant than the one due to the BL/PIE,
the above-mentionedr-phase difference may be canceled.
However, it is not the case because of the following reason. As
is discussed in ref 28, the oscillator strength of the transition
due to PIA (mainly from the&k = 1 one-exciton state to the << >> q

(ki,k2) = (2,1) two-exciton state; 1.2R(+ 1)%u¢?, whereug is
a transition dipole moment of the monomer) is 1.57 times larger _. ) -

- L Figure 9. Energy diagram for the J-aggregates (model d). A simplified
than the oscillator strength of the transition due to BL (from picture of the ruffling mode is also shown below. The larger and smaller

the ground state to thk = 1 one-exciton state; 0.8%(+ oscillator strength is indicated as a thick line with partially dark and
1)?u¢?).28 On the other hand, to explain the phase spectrum of light parts of the PES of the Q and B band.

the oscillation component, the ratio of the PIA to PIE must be
1.95+0.02, which is substantially larger than the theoretical — > — >

estimation (1.57). In addition, there are two more remaining ﬁ o 24rem” U+ S
problems for model c. First, the conventional wave packet model ”

(c) is based on the simultaneous photoexcitation of the multi- > It>
vibrational quantum states depending on the Frar@éndon ﬂ 2 M+ 5.“
factor. However, the vibronic excitation of the Q band is known —_—lG> —_—|G>

to originate mainly from the Herzberdleller-type transitiort? B-band

This will be discussed later in more detail. Second, if the signal Figure 10. Modulated transition dipole moment due to the coherent
originates frc_>m model ¢, the signal intensity integrated in whole molecular vibration (model d)GL} |10} and|20denote the ground state
spectral region of the Q band must not be modulated, because;ng the one- and two-exciton states, respectively.

this model only produces the spectral shift. As will be shown

later, however, the integrated signal intensity shows nonnegli- of the transition dipole moment is reflected by the increase (or
gible modulation, which cannot be explained by model c. gecrease) of the signal intensity both of the BL/PIE and PIA.
Concerning the phase of the oscillation, Champion et al. have as a result, DIB can explain the synchronous oscillations for
discussed the effect of the inhomogeneous broadefiing. the BL/PIE and PIA in terms of the modulation of the transition
However, the phase spectrum was calculated based on thejipole moment. If this model is valid, the total signal intensity
wavelength-selected pump pulse, and it does not correspond toassociated with the Q exciton must also be modulated. It can
our experimental condition (broadband excitation). be evaluated by integrating the signal intensity over the whole
4.4. Dynamic Intensity Borrowing. In this subsection, a  spectral region of the Q band, which is defined/lyandtAARw)
following new mechanism is proposed, which also induces the dw. The integrated signal intensity from 1.65 to 1.91 eV is
coherent oscillation and modulation of the transition dipole displayed in Figure 11 as a function of the delay time. It clearly
moment of the Q band. This model is beyond Condon shows the nonnegligible amplitude of the coherent oscillation
approximation, because the transition dipole moment doesmainly with a frequency of 247 cni. Considering that the
depend on the normal vibrational coordinate. The modulation spectral range from 1.65 to 1.91 eV is wide enough to sum all
frequency corresponds to the 247 ¢muffling-mode vibration. nonnegligible oscillating signals due to the Q band, the oscillator
The key is the optical property of the Q band. Although the Q strength of the Q exciton is also modulated by the 247 %m
state is the originally forbidden state because of the symmetry frequency component. It cannot be explained by model c,
of the electronic structure, it becomes allowed owing to the because model ¢ predicts only the spectral shift.
mixing of electronic property with the B state by the configu- Similar intensity borrowing mechanism has also been dis-
ration interaction (electronelectron correlation) and vibronic  cussed in the stationary resonance Raman spectrum of
coupling?®31 Therefore, the modulation of the Q transition can metalloporphyring?=34 The resonance Raman spectrum under
be explained by an additional intensity borrowing from the B the B-band excitation shows dominant contribution of the
band. We call this new mechanism “dynamic intensity borrow- Albrecht A term (Franck Condon type}° On the other hand,
ing (DIB)". Figure 9 shows a schematic energy diagram for in the case of the Q band, the scattering intensity from
the DIB mechanism. Because of the small Stokes shift of the depolarized and anormalously polarized vibrations is often as
stationary fluorescence spectrum, it is assumed that the bottomintense as polarized mode scatterfh@oncerning the Q-band
of the excited-state PES is simply located just above the bottomexcitation, the Albrecht B term (HerzberJeller type) scat-
of the ground-state PES. A wave packet is created on thetering is dominated and is also explained by the vibronic
excited-state PES because of the vibronic coupling and a smallintensity borrowing mechanism from the B band to the Q
anharmonicity. The wave packet on the excited-state PES band3334
becomes narrower or broader along with the time evolution, 4.4.1. Theory for HerzbergTeller-type Wae Packet Motion.
and no probephoton energy dependence is expected as shownAccording to model d, the modulation of the transition dipole
in Figure 8 unless the DIB occurs. The DIB allows the oscillator moment depends on the normal coordinate. Hence, this model
strength to be modulated as a function of the normal coordinate,can also be called a “HerzberJeller-type” wave packet
which results in the coherent oscillation in the induced absorp- motion in comparison with the conventional “FrargRondon-
tion signal as shown in Figure 10. The increase (or decrease)type” wave packet motion. In the following, we derive an
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Figure 11. Integrated signal intensity of the induced absorption change
from 1.65 to 1.91 eV (upper) and the Fourier power spectra of the
oscillating component (lower).

analytical expression for the wave packet motion based on the

J. Phys. Chem. A, Vol. 106, No. 14, 2002451
[Q(r,a)1a()IG(r.a)0]
— Q HVib A G D
- @m(q)\(%(m + E%(r»q)mwg(r)xn @
BQ

= ﬂQGQS’]'XS[é |0~|2,UBG (|f n=m= 0)

(6)
(@)

Here,uqge = Wpolulycbluss = @slulych]lf = Hiin/AEsg, and

Omn = BQulx S0 Although multimode effects should be taken
into accoun®® we roughly assumégg|ys= 1, which means
that all vibronic excitation is not caused by the Fran€ondon
component but caused by the term in eq 7 associated with the
vibronic coupling?® Although the symmetry is important for
the vibronic interaction and the coefficiemgy,, the symmetry

of the ruffling mode for the aggregate is not as well defined as
for the monomer. Taking account of the time evolution, the wave
function,|W(t)C]is expressed as follows assuming an impulsive
limit:

= ﬂfuBqun (If n=mandm= 0)

|W(t)O= exp(—iHth)a|G(r,q)0

0 o upelexsD
+ Buge qum exp(—imQ0) 30 (8)
=3

Here, Q corresponds to the 247 crhvibrational frequency.
The transition from the excited-state wave pack8f(t)C] to
the ground statgG(r,q)[ is calculated as follows using eq 8:

coordinate-dependent transition dipole moment. In general, the [G(r q) || ¥ (t) 0= o *(Upe)”

vibronic coupling effect is approximately expressed by the
expansion of the transition dipole momeif)), using Herzberg
Teller expansion of the ground- and excited-state wave func-
tions. Here,"qdenotes the normal coordinate. In the present
system, and the vibronic coupling occurs dominantly between
the Q and B bands; therefore, the following three wave functions
are considered:

G(r,a) 0= [ya(Nxa(a)O )

vib

H B
A Ve @ @

IB(r.0)= (Il/)s(f)D—

Hvi
Q.= (|wQ<r)D+ - qu(r)éw%(q)D (4)
BQ

Here,yx(r) andyX(q) represent wave functions of the electron
and nuclear for th&X (= G, B, and Q) state, respectively, as a
function of the electron and nuclear coordinatesand q,
respectively. In the nuclear wave functions, the vibrational
guantum numbers are indicatedra$, andm. The first term in
|Q(r,q)0) namely, [yo(r)[] consists of two wave functions as
follows:

|1o(r) = [9(r) O adlypg(r)O (5)

The first term,|wg(r)m is an optically forbidden state. On the
hand, the second term is an optically allowed state, which
originates from the configuration interaction (Cl) with the B
band. An coefficient ofx represents the degree of the CI. The
matrix element of the transition dipole moment from the ground
state to the Q band is calculated as follows:

+ |ﬁ|zcuBG)22°|qm|2exp(—imszt) 9)

Because the signal intensity of the absorbance chahgeis
proportional to the square of the eq 9, the wave packet can be
created by the Q transition through the vibronic coupling with
the B transition. As shown in eq 9, the DIB corresponds to a
real-time observation of the vibronic coupling (vibronic intensity
borrowing) between the Q and B bands, which is manifested
by the coefficient ofg. In similar way, we can also calculate
the oscillator strength of the transition from thexciton state
to the f1 + 1)-exciton state|p + 1,50 n,S(n=1, 2, ...)].
Therefore, both of the BL/PIE and PIA signals are synchro-
nously modulated, which agree well with the experimental result.
4.4.2. Baluation of the Amount of the Modulated Transition
Dipole MomentAs is discussed, the Q and B transitions are
mixed by the DIB, which is induced by the sub-5-fs excitation
pulse through the vibrational motion of the porphyrin molecules
composing a J-aggregate. On the basis of the DIB mechanism,
the amount of the modulation of the transition dipole moment
can be evaluated. The normalized modulation of the transition
dipole moment is simply expressed@syc/uas, in which ugc
andduqc represent the Q transition dipole moment of a TPPS
molecule and a change @fgs induced by the molecular
vibration, respectively. It is noted that the modulationuet
also changes the intermolecular dipet#ipole interactionJ,
to J + 6J which is given by

Jog = Hoc (1 — 3 co$ f)/ha’

3 sin(X)
3cosh—1

00 — 353
a

0Jdoc _ 20106 N
JQG

10
Uaa (10)
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where all transition dipoles in the molecules are assumed to be

parallel and making an angtewith the aggregate axis and the
molecules are equidistant with a lattice constarBecause the

Kano et al.

dipole interaction. It is also supported by the fact that the amount
of the energy shift for the B band is only about twice in
comparison with the one for the Q band. Because the oscillator
strength is 10 times different between themy¥us?> = 0.1),

the ratio ofJ, namely,Jo/Jg, must also be different in the same
order (see eq 10). A Coulomb interaction between molecules
caused by the aggregation could be one of the other mechanisms
associated with this energy shift.

4.4.3. Baluation of the Amount of the Oscillator Strength
Transfer. On the basis of the vibronic coupling theory, we
estimate the amount of the oscillator strength transfer from the
B band to the Q band. The perturbed transition dipole moment
of the Q bandy'qg, is expressed as follows:

M o6 = Hqs T Olge

(15)

transition energy from the ground state to the lowest one-exciton Here,Vpg denotes the interaction Hamiltonian due to the DIB.

state is originally red-shifted bgJin comparison with the one
of the monomer, the modulation dfgives rise to a peak shift

of the J band in the transient absorption spectrum. This is one
of the characteristic features of the exciton system in comparison

with the molecular system. In what follows, the data are
analyzed phenomenologically. The nonlinear spect&i(w),

is assumed to be modulated@g (w) by duos andd(2J3), which

is given by

ShL(@) = Sy(@ — dw(t))(L + da(t)), (11)

where
da(t) = o cosQt) = d(us)lbe COSQY),  (12)
ow(t) = dw cos@t) = 6(2J) cos2t) (13)

Here, 0o anddw correspond to the amplitude modulation and
the spectral shift of the nonlinear spectrum, respectively. The
modulation frequencyQ, corresponds to 247 crh ruffling
mode. In the present model, it is assumed that botlanddw

are independent of the probphoton energyw, and that all
uoc and J are modulated effectively. Equation 11 is ap-
proximately expressed as

SNL( )

Syi(@) * §yL(w) +|daS (@) —
= Sslow(w) + SOS(,(w) COSQt)-

The nonlinear spectrungy. (), consists of the slow-dynamics
component &ow(w)) and the oscillating componenbtdw)).

cos@t)
(14)

Equation 15 is written as follows:

Otqc _
Uqac

Here,AEgg ~ 0.94 eV andigd/uss ~ 0.32 are estimated from
the stationary absorption spectrum of the monomer. The amount
of dugduge has also been estimated to be 3%. HeNegs =

9 meV= 73 cntlis obtained using eq 16. This val\é s, is
much less than the vibration frequency, 247 énwhich is
consistent with our model. The modulated transition dipole
moment is expressed as follows:

Voig Hsc
ABgq g

(16)

' qe = Hqc T Otge = (321 0.96) x 10 %ugs  (17)
Consequently, the modulation of the Q-transition dipole moment
in the real-time spectrum is estimated to be about 0.96% of the
B-transition dipole moment, which is in good agreement with

our previous report®

5. Conclusion

The coherent molecular vibration coupled to the Frenkel
exciton is observed using sub-5-fs laser pulses and multichannel
pump—probe experimental setup. The oscillation originates from
the molecular vibration and is assigned to the 247 craffling
mode. In comparison with the conventional model (c) regarded
as Franck-Condon-type wave packet motion (Figure 8a), the
DIB (Figure 9; model d), which we propose for the first time,
can be called Herzbergreller-type wave packet motion. In fact,
the DIB corresponds to the real-time observation of the
Herzberg-Teller-type wave packet motion. The coherent oscil-

For the slow-dynamics component, the 320 fs decay componentiation is explained by the modulated transition dipole moment

is employed. Figure 12 shows the fitted resulé&x$y (@)
dashed, 0w (dSy (w))/(dw) dotted, Ssdw) solid) for the
oscillating component using eq 14. The experimental result is
reproduced satisfactory by the fitted curve awd= (6 + 1)

x 10~ 2anddw = (— 8 & 4) x 10~ “eV are obtained. From
the value ofda, duqc/uqc is estimated to be (& 1) x 10~ 2
Using da, 0w, and eq 10, the amount of the dipeléipole
interaction of the Q band () can be estimated to belg =
dwlda = (13 £9) meV assumin@gd = da = 0. This value is

of the Q transition, which is caused by the DIB mechanism

from the intense B band to the weak Q band through the

molecular vibration. The modulated transition dipole moment

is estimated to be about 3%, which corresponds to about 0.96%
borrowing of the B-transition dipole moment.
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