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Femtosecond coherence spectroscopic study on porphyrin molecules has demonstrated that the
oscillatory features residing at the transient absorption and fluorescence decay profiles are strongly
correlated with the lifetimes of the excited states and the displacements of the minima of the
potential energy surfaces that are involved in the pump and probe laser pulses. We have attained a
greater degree of control in the wave packet dynamics in the transient absorption by controlling the
chirp of the ultrashort optical pulses. This feature provides a clue to the excited potential energy
surface such as its curvature and displacement. For two representative porphyrin monomers, ZnII

tetraphenylporphyrin and ZnII octaethylporphyrin, we were able to obtain detailed information on
the excited state dynamics and subsequent structural changes based on the comparison between the
frequency spectra retrieved from the oscillatory features in the transient absorption and fluorescence
temporal profiles and the ground state Raman spectra. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1524175#

I. INTRODUCTION

Multiporphyrin arrays have been constructed using sev-
eral types of shorter linkers that are suitable for preparing
linear or extended architecturesvia mesoposition attachment
for the possible applications as artificial light harvesting ar-
rays and molecular photonic wires.1–5 In recent years, a va-
riety of molecular modules have been employed as a con-
struction element of supramolecular rods.6–8 Among these,
porphyrins are one of the most attractive building block ele-
ments due to their desirable characteristics such as rigid pla-
nar geometry, high stability, intense electronic absorption,
and small HOMO-LUMO energy gap.9,10 Thus it is indis-
pensable to have a deep understanding into the excited states
of the porphyrin molecules because light signal transmission
in molecular photonic wires proceeds through the excited
state energy transfer.11

Femtosecond coherence vibrational spectroscopy is
based on impulsive excitation of vibrations, which creates a
wave packet through coherent superposition of the vibra-
tional states.12–15The motion of the wave packet leads to an
oscillation of the transition frequency in time. Dephasing and
population relaxation result in damping of the wave packet.
Various time-resolved spectroscopic techniques such as
pump–probe transient absorption~TA! and time-resolved
fluorescence by frequency up-conversion can be used to ob-
serve the dynamics of a vibrational wave packet motion on
potential energy surfaces in real time. In transient absorption
measurements, especially when both pump and probe pulses

are in resonance with the same electronic transition, it is
generally difficult to assign an oscillation to a vibration in
electronically ground or excited state.16

Formation of the wave packet is affected by various mo-
lecular aspects such as displacement of the vibrational mode
between the two electronic states involved~Huang–Rhys
factor! and lifetimes of the excited states.17–19A vibrational
mode with a large Huang–Rhys factor is favored in the wave
packet formation. Because the ground state wave packet is
created by stimulated Raman process, which consists of two
field–matter interactions, the electronic coherence created by
the first field–matter interaction needs to propagate~dis-
placed from the original nuclear position! before the second
field–matter interaction puts the system to vibrational coher-
ence in the ground state. Accordingly, the wave packet for-
mation in the ground state is attenuated, when the lifetime of
the electronically excited state is short compared to the vi-
brational period. In this case, of course, excited state contri-
bution to the signal is negligible. Pulse duration and tem-
perature can also be varied to manipulate the formation of
the wave packets. When the pulse duration is much shorter
than the vibrational period, the wave packet formation in the
ground state is attenuated due to the same reason as in the
case of short excited state lifetime. In this case, excited state
wave packets are formed and their dynamics can be ob-
served.

The wave packet formation can also be controlled more
actively by pulse shaping techniques. Phase and amplitude
masks along with the optimization routine can be employed
to control the electric field and to manipulate the wave func-
tion robustly. A much simpler yet still useful way to control
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wave function is to use chirped pulses. In linearly chirped
femtosecond pulses, the phase of each frequency component
varies linearly in time. By using either positively~blue fol-
lows red! or negatively chirped pulses, the arrival time of
each frequency component at the sample can be controlled.
Wave packet formation with chirped pump pulses has been
discussed in detail previously.20–23 In usual cases, where the
excited state potential is displaced to larger nuclear coordi-
nate than the ground state, the optical transition frequency vs
nuclear coordinate decreases. A stimulated Raman process is
enhanced for negatively chirped~NC! pump pulses, that is,
NC pump pulses favor creation of the wave packet in the
ground state, whereas positively chirped~PC! pump pulses
discriminate against it. On the other hand, the wave packet
formation in the excited state is favored by excitation with
the shortest possible pulses, transform-limited pulses for a
given pulse spectrum. Femtosecond coherence spectroscopy
with a control of the chirp of ultrashort pulses is ideally
suited for an attempt to reveal the potential energy surfaces
of chromophores in which the wave packets are generated
and evolved.20–22

In transient absorption, the probe wavelength is usually
varied to probe either the ground state contribution through
ground state bleach components or the excited state contri-
bution through stimulated emission components, though it is
not always clear what is being probed.20–22Excited state dy-
namics can be best examined by time-resolved spontaneous
emission, although the experimental time resolution of the
spontaneous emission measurement is currently limited to
;100 fs, which allows observation of the wave packet mo-
tion up to 150 cm21. Since ground state vibrational frequen-
cies are available from Raman spectra, a comparative study
of femtosecond coherent vibrational spectroscopy, time-
resolved spontaneous fluorescence, and Raman spectroscopy

of the molecular systems of interest is expected to give de-
tailed understanding on the structural changes occurring in
the excited potential energy surfaces.24,25

In this paper, we present time-resolved spectroscopic ex-
periments on ZnII porphyrins, including measurements of
pump–probe ultrafast transient absorption, fluorescence up-
conversion, and Raman spectra. We also report the depen-
dence of oscillatory features on the chirp of ultrashort optical
pulses to gain further insight into the potential energy sur-
faces of various ZnII porphyrins. We have studied impul-
sively photoinduced vibrational coherent motions on the
electronically ground and excited states of two ZnII porphy-
rins in toluene using chirp-controlled femtosecond pulses;
ZnII tetraphenylporphyrin (ZnIITPP), and ZnII octaethylpor-
phyrin (ZnIIOEP) which are representative porphyrin mono-
mers~meso- versusb-substituted!.

II. EXPERIMENT

A. Femtosecond pump–probe setup

Optical layout for the ultrafast transient absorption mea-
surement is displayed in Fig. 1~a!. A homemade cavity-
dumped Kerr lens mode-locked Ti:sapphire oscillator is
shown in the dotted box. An intracavity second-harmonic
output at 532 nm of a diode pumped cw Nd:YVO4 laser~5
W, Millennia, Spectra Physics! was focused onto a 10 mm
long Ti:sapphire crystal by a 10 cm focal length convex lens.
Temperature of the Ti:sapphire crystal was maintained at
15 °C. A prism pair was used to compensate group velocity
dispersion~GVD! and to tune the laser wavelength. The
mode-locked pulses had a repetition rate of 72 MHz and its
averaged output was nearly 200 mW with a 2.5% output
coupler. For cavity-dumping, a fused silica Bragg cell con-
trolled by acousto-optic modulation from a rf driver

FIG. 1. ~a! Experimental setup of femtosecond pump–probe spectroscopy. Homebuilt cavity-dumped mode-locked Ti:sapphire laser is located in the dotted
box. Ti:S, Ti:sapphire crystal; BC, Bragg cell; OC, output coupler; BBO,b-BaBO3 nonlinear crystal; HS, harmonic separator; BS, beamsplitter; DS, optical
delay stage; CP, chopper; P1–P3, fused silica prism; P, polarizer; WP, half-wave retarder; PD, silicon photodiode.~b! Cross-correlation traces of transform-
limited and chirped pulses. Pulse widths of second harmonic pulse are 38.5~open squares, negatively chirped!, 31.4~open circles, transform-limited!, and 38.2
fs ~open triangles, positively chirped!, respectively.
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~CD5000, CAMAC! was used. Typical dumping rate was
200 kHz to avoid thermal and accumulation effects on the
sample. Spectral width of the pulses was about 25 nm at the
center wavelength of 830 nm and the typical output power
was around 20 mW. The cavity-dumped output pulses were
compressed by an extra cavity prism pair~P1! to compensate
the GVD and focused onto a 100mm thick BBO crystal.
Frequency doubled pulses were recompressed by another
pair of prisms~P2! and then split by a broadband pellicle
beamsplitter~BS! to serve as pump and probe pulses. The
pump pulses were delayed by a motor-controlled translation
stage and the polarization of the probe pulses were precisely
adjusted by a wave plate and a polarizer. After overlapping at
sample position with a very small angle, the probe pulses
were detected by a silicon photodiode. Pump-induced trans-
mittance change of the probe pulses was recorded by a
lock-in amplifier ~DSP7265, EG&G!. All measurements
were made by using a quartz cell~Hellma! with 1 mm path
length.

Residual 830 nm pulses were also recompressed by an-
other fused-silica prism pair. The pulse duration of the sec-
ond harmonic at 416 nm measured by the cross-correlation
with the residual 830 nm pulses using a 200mm thick BBO
crystal was typically 30 fs by assuming a Gaussian envelope
function @Fig. 1~b!#. Small residual higher order chirp terms
could not be removed perfectly, and we refer to the shortest
duration pulse as transform-limited~TL! for the sake of con-
venience. Chirp of the pump pulses was controlled by adjust-
ing the path length of the prism pair~P2!.

B. Time-resolved fluorescence apparatus

For time-resolved fluorescence measurement, the center
wavelength of the cavity-dumped pulses was tuned to 812
nm to reduce scattering. The second harmonic~406 nm! of
the 812 nm pulse was used as a pump pulse, and the time-
resolved fluorescence signal was obtained by frequency up-
conversion method using the residual 812 nm pulse as a gate
pulse. To observe wave packet dynamics in the electronic
excited state, ultrahigh time resolution is required. With
;100 fs time resolution of the fluorescence up-conversion
technique reported to date, wave packet dynamics up to 166
cm21 ~100 fs to be 1/2 of the vibrational period! can be
observed. To achieve higher time resolution, GVD and group
velocity mismatch~GVM! must be minimized with a perfect
imaging in fluorescence collection. We have improved our
fluorescence up-conversion apparatus in several aspects to
achieve;50 fs time resolution. First, GVD in the pump and
gate pulses was carefully compensated to achieve short pulse
duration at the sample and at the crystal, respectively, for
sum frequency generation~SFG!. A 100mm thick BBO crys-
tal was used to minimize GVD. To minimize GVM, which is
the dominant mechanism to deteriorate time resolution, non-
collinear sum frequency generation scheme is used with the
crossing angle of 22° between the gate and fluorescence
pulses. We have employed a single reflective microscope ob-
jective lens to collect and to focus fluorescence efficiently
without aberration. With these improvements, 50 fs time
resolution can be achieved.

Steady-state absorption and emission spectra were re-
corded by Shimadzu UV-1601 and Hitach F/4500, respec-
tively, using a 1 cmquartz cell. Raman spectra were recorded
by using a He–Cd and Kr1 ion lasers, a 50 cm focal length
spectrograph with notch filters and a liquid nitrogen cooled
CCD detector.

ZnIITPP and ZnIIOEP were purchased from Porphyrin
Product ~Logan, UT! and used as received. All measure-
ments were performed at ambient temperature~226 1 °C!.

III. RESULTS

A. Electronic structure

Metalloporphyrins exhibit well-resolved two singlet ab-
sorption bands in visible region. An intenseB (S2 , Soret!
band is located around 400 nm, and usually much weakerQ
(S1) band appears around 500–600 nm. All these transitions
are assigned to porphyrin (p –p* ) transitions. Figure 2
shows the steady-state absorption and emission spectra of
ZnIITPP and ZnIIOEP in toluene. Absorption center frequen-
cies of bothB- and Q-bands of ZnIITPP appear at lower
energies than those of ZnIIOEP. It is noteworthy that the
spectral width of theB-band of ZnIITPP is slightly narrower
than that of ZnIIOEP. In contrast to the singleB-band,
Q-bands show vibrational progressions. ZnIITPP has a rela-
tively strong Q(1,0) band and weakQ(0,0) and Q(2,0)
bands. On the other hand, theQ(0,0) band of ZnIIOEP is
much stronger than the other vibronic bands. The steady-
state emission spectra are dominated by theQ-band fluores-
cence. The absorption and emission spectra are in mirror
image indicating similar structures between the ground and
Q-states. Emission from theQ-band is strong with the fluo-
rescence quantum yields (FS1

) of 0.03 and 0.04 for ZnIITPP
and ZnIIOEP, respectively.26 ZnIITPP shows relatively strong
B-band emission at 430 nm, whereas noB-band emission is
observed for ZnIIOEP. From the absorption and emission

FIG. 2. Steady-state absorption spectra of ZnIITPP ~solid line!; ZnIIOEP
~dotted line!, and emission spectra of ZnIITPP~open square!; ZnIIOEP~open
circle! in toluene at ambient temperature excited at 400 and 390 nm, respec-
tively. Spectrum of the pump pulse was also included with the FWHM of 11
nm centered at 416 nm~shaded area!.
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spectra, the Stokes shifts were estimated. Although the emis-
sion properties of theB-states of ZnIITPP and ZnIIOEP are
somewhat different, the fluorescence lifetimes and quantum
yields of theQ-states of ZnIITPP and ZnIIOEP are similar.
All the photophysical parameters are summarized in Table I.

B. Femtosecond coherence spectroscopy

Femtosecond pump–probe spectroscopy gives a direct
insight into the coherent dynamics of vibrational wave
packet motions and subsequent vibronic relaxation processes
in condensed phase. We have studied impulsively excited
coherent vibrational motions on the electronically ground
and excited states of ZnIITPP and ZnIIOEP in toluene using
chirp-controlled femtosecond pulses.

Figure 3~a! shows one-color transient absorption signal
of the B-band of ZnIITPP at 416 nm. Coherent spikes are
dominant around the zero-delay time, and prominent high-
frequency oscillations are superposed on the temporal pro-
files damping within 1 ps. It is also apparent that the ampli-
tude of the oscillations is significantly affected by the chirp
of the pump pulses. The cross-correlation traces show the

shortest pulse duration of;30 fs ~chirp free!, which broad-
ens to;40 fs with the GVD of6250 fs ~Ref. 2! for either
the PC or NC pulses, respectively. Compared to the TL
pulses, a significant enhancement of the oscillation ampli-
tudes was observed in the case of the NC pump pulse exci-
tation, although the pulse duration was longer than the TL
pulses. Since the wave packet in theS2 state is moving from
higher to lower transition frequencies, this process is en-
hanced when red follows blue. For the PC pump pulses, the
oscillation amplitudes were diminished compared to the case
of the TL pulse excitation.

Figure 3~b! shows the temporal profiles of the transient
absorption of ZnIIOEP at 406 nm. Coherent spikes are also
observed around the zero-delay time, and relatively weak
oscillations compared to ZnIITPP are observed in the tran-
sient absorption signals. Moreover, the oscillatory feature
was not enhanced as the chirp of the pump pulses was var-
ied: TL pump pulses give rise to slightly stronger oscillations
than PC or NC pump pulses. A successful measurement of
the Raman spectrum of ZnIIOEP by 406.7 nm excitation
without fluorescence interference indicates that theS2 state is
very short lived and its lifetime is estimated to be shorter
than;20 fs. Since the excited state lifetime is shorter than
the pulse duration, the entire transient absorption signal of
ZnIIOEP arises from the ground state bleach contribution ex-
cept around time zero, and the oscillation is due to the wave
packet motions in the ground state. Therefore, the shortest
pulse excitation is advantageous in preparing the wave pack-
ets in the ground state of ZnIIOEP over the NC or PC pump
pulses.

Nuclear and electronic dynamics of the electronically
excited state can be best investigated by time-resolved spon-
taneous fluorescence. Figure 4 shows the time-resolvedS2

state spontaneous fluorescence of ZnIITPP in toluene. Pump
pulses were centered at 406 nm near the blue edge of the
B-band and the fluorescence was detected at 430 nm. The
signal shows initial rise and subsequent decay. The signal
can be fitted precisely by exponential rise and decay compo-
nents with the time constants of 89 fs and 1.2 ps, respec-
tively. The rise component may be assigned to the spectral
relaxation caused by solvation and vibrational relaxation pro-

TABLE I. Photophysical data from electronic absorption and emission spec-
tra of ZnIITPP and ZnIIOEP in toluene.

ZnIITPP ZnIIOEP

S2 S1 S2 S1

Absorption maximum
~nm!

423
549;Q(1,0)
587;Q(0,0)

405
533;Q(1,0)
569;Q(0,0)

Emission maximum
~nm!

432
605;Q(0,0)
645;Q(0,1)

¯

576;Q(0,0)
625;Q(0,1)

D(Sn–S0) ~cm21! 493 507a~2711! ¯ 213
tSn 1.2 psb 2.54 nsc,d ,20 fse 2.3 nsd

FSn 1.531023 0.03c,d ,1026 e 0.04d

aCalculated from the 0–0 band absorption and emission. 2711 cm21 by the
most intense 0–1 band.

bFluorescence up-conversion data.
cReference 27.
dReference 28~in chloronaphthalene!.
eEstimated value from Raman data.

FIG. 3. The temporal profiles of the transient absorp-
tion signals by the one-color pump–probe experiment
for ~a! ZnIITPP at 416 nm and~b! ZnIIOEP at 406 nm in
toluene by controlling the chirp of the ultrashort optical
pulses. @Negatively chirped~top!, Fourier transform-
limited ~middle!, and positively chirped optical pulses
~bottom!.#
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cesses, while the 1.2 ps decay is due to theS2→S1 internal
conversion.29–31

Since coherence spikes contribute to the signal around
the zero-delay time in the transient absorption decay profiles,
they were excluded in the fitting process. To obtain the os-
cillation spectra of the transient absorption and fluorescence
decay profiles, an exponential contribution was subtracted
using the following equation:

DA~ t !5A exp~2t/t!1B. ~1!

Then, the residuals were Fourier transformed to yield the
frequency spectra shown in Fig. 5. Oscillation frequencies
retrieved from the spectra with the help of linear prediction
singular value decomposition~LPSVD! analyses32 are listed
in Table II. For ZnIITPP, the spectra are dominated by two
totally-symmetric vibrational modes at 207 and 389 cm21

with the damping time constants of 340 and 600 fs, respec-
tively. ZnIIOEP shows more complicated spectrum compared
to ZnIITPP. In the case of fluorescence decay of ZnIITPP,
Fourier transform@Fig. 4~b!# and LPSVD analyses@Fig.
5~a!# yield two oscillation frequencies, 202 and 383 cm21,
with the damping time constants of 220 and 640 fs, respec-
tively.

C. Resonance Raman spectra

Resonance Raman~RR! spectrum of ZnIITPP shown in
Fig. 5~a! was obtained with photoexcitation at 441.6 nm
from a He–Cd laser, which corresponds to the low-energy
tail of the B-band. The ground state Raman spectra with
photoexcitation at 406.7 and 413.1 nm from a Kr1 ion laser
were severely obscured by the strongS2 fluorescence of
ZnIITPP. The RR spectrum identifies one prominent peak at
388 cm21 along with two weak bands at 201 and 221 cm21.
The Raman frequencies roughly match with the oscillation
frequencies observed in the transient absorption and time-
resolved fluorescence, where two lower frequency Raman
bands appear as a broad single band. The Raman bands at
388 and 201 cm21 are assigned to the metal-pyrrole breath-
ing mode (n8) and the phenyl translation mode (f10) on the
basis of assignments of NiIITPP.33,34 These two Raman
modes are totally symmetricA1g modes, and thus resonance-
activated via the AlbrechtA-term scattering.35 However, no
other vibrational modes withA1g symmetry are found in this
spectral region. Generally out-of-plane modes are observed
in the low frequency region via resonance activation with an
aid of symmetry lowering followed by porphyrin
distortion.33,34,36 Slight distortion of porphyrin plane can
cause symmetry lowering from idealD4h to D2d , S4 or C4v
symmetry. Since the solvent is noncoordinating solvent~tolu-
ene!, it is not relevant to consider doming distortion (C4v)
by solvent coordination. ZnIITPP can be slightly distorted
from ideally planar structure to saddled or ruffled structures
just like NiIITPP,35,36 leading to symmetry lowering from
D4h to D2d ~saddled! and toS4 ~ruffled!. In saddled structure
(D2d) B1u modes becomeA1 modes, and in ruffled structure
(S4) B1u andB2u modes becomeA1 modes. The most prob-
able candidate for the 221 cm21 band is the pyrrole-tilting
mode,g16 (B2u) that was assigned to the 251 cm21 band in

FIG. 4. ~a! Time-resolved fluorescence up-conversion profile of ZnIITPP in
toluene. Instrumental time-resolution was measured to be about 60 fs.
Smooth solid line represents a best-fitted population component having a
rise time of 89 fs and a decay time of 1.2 ps.~b! Oscillatory component by
subtracting the fitted population component from raw data. A damped sinu-
soidal fitting curve shows oscillation frequencies of 202 and 383 cm21 with
the damping time constants of 220 and 640 fs, respectively.

FIG. 5. Fourier-transformed power spectra from the oscillatory features in
the temporal profiles of the pump–probe transient absorption signals~top!,
and resonance Raman spectra~bottom! of ~a! ZnIITPP and~b! ZnIIOEP in
toluene with photoexcitation at 441.6 and 406.7 nm, respectively. Power
spectrum of fluorescence up-conversion of ZnIITPP is placed at the middle
of ~a!.
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NiIITPP.35 We can also observe a weakly activated out-of-
plane band at 336 cm21, which is assigned to the pyrrole-
swiveling mode,g12 (B1u).35

RR spectrum of ZnIIOEP by 406.7 nm excitation is also
shown in Fig. 5~b!. Similar to ZnIITPP, strongn8 band cor-
responding to the pyrrole-ring breathing mode appears but
splits into 338 and 357 cm21 as in NiIIOEP mainly due to the
ethyl conformational isomers ~triclinic A and B,
respectively!.37 The doublet feature is, even though not so
prominent as then8 mode, also observed in the asymmetric
band shape of then9 mode at 266 cm21. The n8 and n9

modes are strongly coupled to metal-pyrrole breathing and
Cb-ethyl bending motions. Thus, they are sensitive to the
conformational heterogeneity and pyrrole movement. In con-
trast to ZnIITPP, however, several nontotally symmetric
modes are observed in the low frequency region. The RR
bands at 147, 226, and 468 cm21 are the pyrrole-translation
modes withB2g symmetry (n35), the Ca –Cm wagging vi-
bration withEg symmetry (g24), and theCb –C1–C2 bend-
ing motion with B2u symmetry (d4), respectively.37 When
the symmetry is lowered toC2h ~triclinic A or B!, B1g sym-
metry becomesAg , andEg symmetry is correlated withAg

1Bg . Therefore,B1g andEg modes are resonance-enhanced
via the AlbrechtA-term.35

IV. DISCUSSION

TA studies employing chirped femtosecond pulses have
been applied to gas and solution phase iodine and several
dyes in solution as an effort to control the wave
packets.20,21,38–41Bardeen and co-workers20,21 have reported
chirp controlled transient absorption studies of nile blue and
rhodopsin. In the present work, the chirp of pump pulses was
adjusted to control the wave packets, and the wave packets
created in the ground and excited states are compared to the
ground state Raman spectra and the time-resolved spontane-
ous fluorescence to interrogate the wave packets created
separately in each state.

In addition to the active control of the wave packets by
chirping of the optical pulses, the creation of the wave pack-

ets was controlled passively by the molecular characteristics,
i.e., ultrashort lifetime of the excited state. To illustrate the
effect of the excited state lifetime on the wave packets in the
ground state clearly, the TA signals including finite pulse
duration were calculated. Detailed descriptions on the calcu-
lation of the third order nonlinear signals using a nonlinear
response function theory have been reported by several
authors.19,42 We have calculated the TA signal for a model
transition frequency functionM (t) which consists of a criti-
cally damped Brownian oscillator and an exponential com-
ponent to account for intermolecular solvation processes and
oscillations for intramolecular vibration,

M ~ t !5DBO
2 ~11gt/2!•exp~2gt/2!1De

2 exp~2t/te!

1Dv
2 exp~2t/tv!cos~vt !.

Figure 6 shows the calculated TA signal for 30 fs TL
pulses when the lifetime of the excited state is 10 fs. The
damping constantg for the Brownian oscillator is 80 cm21,
te53 ps, tv52 ps, andv5300 cm21. Coupling strengths
are set to beDBO5190 cm21, De5190 cm21, andDv5120
cm21, which reproduces theB-band absorption appropriately.

TABLE II. Vibrational frequencies obtained by LPSVD and Fourier-transform analyses of pump–probe and
fluorescence up-conversion data and ground state Raman measurement.

ZnIITPP ZnIIOEP

Mode Pump–probe Up-conversion Ramana Mode Pump–probe Ramanb

f10(A1g) 207
~340 fs!c

202
~220 fs!c

201 n35(B2g) 152 147

g16(B2u) ¯ ¯ 221 g24(oop) 218
~680 fs!c

226

g12(B1u) ¯ ¯ 336 n9(A1g) 259
~1400 fs!c

266

n8(A1g) 389
~600 fs!c

383
~640 fs!c

388 n8(A1g) ¯ 338

n8(A1g) 354
~300 fs!c

357

d4(B2u) ¯ 468

aRaman data with photoexcitation at 441.6 nm of a cw He–Cd laser.
bRaman data with photoexcitation at 406.7 nm of a cw Kr1 laser.
cDephasing time constant of oscillation.

FIG. 6. Calculated transient absorption signals of ZnIIOEP with varying the
excited state lifetime and the contribution of each electronic state.
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A TA signal with longer lifetime was calculated as a refer-
ence. The total TA signal reproduces the measured TA signal
of ZnIIOEP appropriately, showing clearly that the initial
spike is due to the short lifetime of the excited state. More
importantly, the amplitudes of the oscillatory components in
the ground state bleach recovery decreases by 50% as the
lifetime is reduced to 10 fs compared to the situation where
the lifetime is long.

The oscillation amplitudes of the TA signal in ZnIIOEP
with TL pulses were diminished by;50% compared to those
in ZnIITPP. The lifetime of theB-state in ZnIIOEP could be
estimated by assuming that the vibrational contributions of
ZnIITPP and ZnIIOEP excluding lifetime effect are about the
same. Since the calculated signal with the lifetime of 10 fs
gives roughly 50% attenuation of the oscillation, the lifetime
of ZnIIOEP was estimated to be 10 fs. That is, the lifetime is
much shorter than the period of the highest frequency vibra-
tion accessible in this experiment. Therefore, the shortest
pulse excitation is advantageous in preparing the wave pack-
ets in the ground state of ZnIIOEP over the NC or PC pump
pulses, which is consistent with our observation@Fig. 3~b!#.

In order to investigate the structural changes in the ex-
citedS2 state of ZnIITPP, we have compared the fast Fourier
transform~FFT! power spectra with the ground state Raman
spectrum@Fig. 5~a!#. The observed FFT spectra of ZnIITPP
are largely in a good accordance with the ground state Ra-
man spectrum. A careful examination of the frequency
changes, however, reveals that the vibrational frequency of
then8 mode retrieved from the fluorescence decay is slightly
lower by ;5 cm21 than that by the TA measurement and
ground state Raman spectrum. Then8 mode originates from
the totally symmetric metal-pyrrole breathing mode that is
sensitive to the metal–N distance43,44 like the other structure
sensitive bands (n2 , n10, n3 , andn4) especially in electroni-
cally excited states.24,25 The frequency shift of then8 mode
is believed to be due to the antibonding character involving
the eg(p* ) orbital of the S2 state of ZnIITPP. Thus, this
demonstrates the feasibility of femtosecond coherence spec-
troscopy to probe the structural changes occurring in excited
states. On the other hand, since two modes (f10 and g16)
appear lying closely in the ground state Raman spectrum, the
origin for the bands at 207 and 202 cm21 retrieved from the
TA and fluorescence decay, respectively, cannot be exclu-
sively assigned to one mode~Table II!. Thus it is difficult to
assert the structural changes from these two bands. Mean-
while, a lack of theS2 emission in ZnIIOEP indicates that the
excitedS2 state of ZnIIOEP is very short-lived~,20 fs! and
thus the FFT spectrum obtained by the TA measurement is
solely contributed by the ground state. The discrepancies in
frequencies between the FFT and ground state Raman spec-
tra of ZnIIOEP are presumably due to weaker oscillatory fea-
tures residing on the TA decay profile of ZnIIOEP and
ZnIITPP.

The observation that, for a given pulse width, positively
or negatively chirped pulses yield very different signals in-
dicates that these effects are not just due to the temporal
broadening of the pulses. In fact, the intensity of the vibra-
tional coherence is likely to be strongly correlated with the
relative positions of theS0 andS2 state potentials. In order to

gain further insight into the potential energy surfaces of the
S2 state it is necessary to collectively consider the optical
parameters including Stokes shifts, spectral broadenings, and
internal conversion rates. TheS2 emission of ZnIITPP shows
493 cm21 Stokes shift from the corresponding absorption
while the S1 emission of ZnIITPP shows the 2711 cm21

Stokes shift. This reflects that theS2 excited state potential is
much less displaced from the ground state than theS1 ex-
cited state. Prominent observation of theS2 emission reveals
that the internal conversion from theS2 to S1 state of
ZnIITPP is not efficient relative to that of ZnIIOEP. Consid-
ering these features the schematic potential energy surfaces
of ZnIITPP are depicted in Fig. 7~a!. The fact that theB-band
is narrower than theQ-band of ZnIITPP seems to be consis-
tent with the inefficient nonradiative decay from theS2 to S1

state of ZnIITPP. In the case of ZnIIOEP theS1 emission
exhibits 213 cm21 Stokes shift, which is smaller than that of
ZnIITPP. This indicates that theS1 potential energy surface
of ZnIIOEP is less displaced from the ground potential en-
ergy surface than that of ZnIITPP. The broader feature of the
B-band than theQ-band reflects that the curvature of theS2

potential energy surface is milder than theS1 potential en-
ergy surface. A lack of theS2 emission of ZnIIOEP indicates
that the nonradiative decay from theS2 to S1 state is very
fast, which reflects a strong coupling between theS2 andS1

states of ZnIIOEP. The schematic potential energy surfaces
of ZnIIOEP illustrating these phenomena are also depicted in
Fig. 7~b! even though the position of theS2 potential energy
surface relative to the ground state cannot be unequivocally
defined. Although no direct measurement of the displace-
ment between theS2–S0 potential energy minima from the
S2 emission is possible with out current experimental tech-
nique, we can anticipate that the displacement of the poten-
tial energy surface should be very small based on a negli-
gible displacement between theS1 andS0 states of ZnIIOEP

FIG. 7. Schematic illustration of potential energy surfaces of~a! ZnIITPP
and ~b! ZnIIOEP.
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~213 cm21!. From the estimatedS2 fluorescence quantum
yield and a successful Raman measurement with photoexci-
tation at theB-band without any interference from theS2

emission, the upper bound for theS2 lifetime for ZnIIOEP is
likely to be,20 fs. Thus, the ultrafast relaxation~,20 fs! of
the S2 state of ZnIIOEP arises from a strong coupling be-
tween theS2 andS1 states aided by the vibrational motions
of the ethyl groups substituted at eightb-positions of the
porphyrin macrocycle.

V. CONCLUSION

Our present study demonstrates that the signal intensity
of the oscillatory feature in the transient absorption decay is
strongly associated with the displacements of the minima of
the potential energy surfaces that are involved in the pump
and probe laser pulses. By using tailored optical pulses in
frequency domain, we were able to manipulate the wave
packet dynamics which are strongly related to the curvature
and displacement of the excited potential energy surfaces. In
two representative porphyrins, ZnIITPP and ZnIIOEP, we ob-
served that theS2 state dynamics are much different from
each other. Not only the origin of the vibrational coherence
but its relationship with the Raman spectrum is expected to
give a better understanding on the excited dynamics and
structural change of porphyrins.
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