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Time-resolved fluorescence and absorption spectroscopies
of porphyrin J-aggregates

Hideaki Kanoa) and Takayoshi Kobayashib)

Department of Physics, University of Tokyo, Hongo 7-3-1, Bunkyo, Tokyo 113-0033, Japan

~Received 7 March 2001; accepted 3 October 2001!

Dynamics of excited states in porphyrin J-aggregates has been investigated using femtosecond
time-resolved fluorescence and absorption spectroscopies. An ultrafast relaxation process due to
internal conversion~IC! from the S2-exciton state to the S1-exciton state is observed as an
S2-fluorescence and a recovery from a bleaching of the S2-exciton state. The S2-fluorescence shows
a sharp spectrum with almost no Stokes shift with a decay-time constant of 360670 fs. In the
transient absorption spectrum, the bleaching of the S2-exciton state disappears with a time constant
of about 300 fs, which is in agreement with the result of the time-resolved fluorescence data.
Relaxation dynamics of the S1-exciton following S2→S1IC is also studied and several relaxation
processes such as an intra-aggregate vibrational energy redistribution, vibrational and phase-space
coolings are investigated. ©2002 American Institute of Physics.@DOI: 10.1063/1.1421073#
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I. INTRODUCTION

In organic dye molecules, the stationary fluoresce
usually occurs from the lowest excited singlet state~S1-state!
and does not depend on which excited state is photoexc
because of the fast radiationless relaxation from the hig
excited states. This is well known as Kasha’s rule.1 However,
some organic molecules emit fluorescence not only from
S1-state but also from the higher excited state including
S2-state. So far, such fluorescence in the steady and/or
sient states has been observed in azulene,2,3 carotenoids,4–6

and other aromatic molecules.7–9 Some porphyrin derivatives
and their arrays are also known to be emitting fluoresce
from the second-excited singlet-state.10–18 This is explained
by the suppression of the S2→S1 internal conversion~IC!
due to the following three reasons. First, there is a la
energy separation between the S2- and S1-states~;0.94 eV!,
therefore, the radiationless decay is expected to be slow
to the low density of the vibronic states participating in t
radiationless process. Second, both of the S2- and S1-states
are considered as 50–50 admixtures of two common exc
electronic configurations1(a1ueg) and1(a2ueg) in accidental
degeneracy, and the energy surfaces of the S2- and S1-states
are nearly parallel in the molecular geometric configuratio
Third, there are no allowed excited triplets between S2- and
S1-states.12 Although S1- and S2-fluorescences of porphyrin
monomers have been investigated previously, there are
reports related to the S2-exciton dynamics of the porphyrin
J-aggregates.19–21The S2-fluorescence from the J-aggregat
is believed to be almost quenched although the energy s
ration between S2- and S1-states is still large~;0.78 eV!.
This is explained mainly by the N–H stretching vibratio
which acts as an accepting mode of the electronic excita
energy of the S2-exciton state.20 It is supported by the fac
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that the quantum yield of the S2-fluorescence for metal por
phyrin molecule is higher than the one for the free-base
diacid. In addition, Ohnoet al. have invoked charge reso
nance states between the S2- and S1-exciton states based on
sandwiched dimer configuration.22 In the present study, how
ever, we have succeeded in the direct observation of
S2-fluorescence from the J-aggregates in both stationary
time-resolved spectra. The ultrafast IC has also been in
tigated by femtosecond absorption spectroscopy and the
laxation time due to S2→S1IC is estimated to be about 300 f
in good agreement with the S2-fluorescence lifetime. To the
best of our knowledge, this is the first report of the tim
resolved fluorescence and absorption spectra of
S2-exciton state of porphyrin J-aggregates. Relaxation
namics of the S1-exciton following S2→S1IC has also been
studied by time-resolved absorption spectroscopy.

II. EXPERIMENT

A. Sample preparation

A water solution sample of tetraphenylporphine tetras
fonic acid ~TPPS, Tokyo Kasei! was used without further
purification. The porphyrin monomer was protonated
acidified aqueous medium. The dependence of aggrega
increases with the ionic strength of the solution, therefo
KCl was used to enhance the aggregation. The sample s
tion was circulated through the 1 mm-thick flow-cell~100
ml/min! in order to avoid temperature damage.

B. Time-resolved fluorescence spectroscopy

The laser system consisted of mode-locked Ti:sapp
laser~Clark-MXR, NJA-4! pumped with an Ar–ion laser an
a regenerative amplifier~Clark-MXR, CPA-1000! pumped
by a Nd:YAG laser ~ORC-1000!. The optical Kerr-gate
method was employed for time-resolved fluorescence sp
troscopy. The output from the Ti:sapphire regenerative a
plifier ~818 nm, 90 fs, 450mJ, and 1 kHz! was divided into
two for an excitation and a gate pulses. The second harm

o
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ics ~409 nm, 2.8 GW/cm2, and 5.831014photons/cm2! gen-
erated by a 3 mm-thick LBO crystal was used as the exci
tion pulse. The excitation-photon energy~3.0 eV! matched
with the higher energy side of the S2-exciton state, therefore
the S2-exciton is directly created by the photoexcitation. T
gate-pulse intensity and peak power density were 200mJ and
70 GW/cm2, respectively. The polarization of the gate pul
was 45°-rotated using al/2-waveplate. A 25 mm-thick and
20 mm-thick Gran–Thompson~GT! polarizers were utilized
as polarizer and analyzer, respectively. The Kerr-med
was a 1 mm-thick glass plate with high refractive ind
~FDS9; n51.824,g51.957310219m2/W, andx (3)51.651
310213e.s.u.@800 nm!. The time-resolved fluorescenc
was spectrally dispersed by a polychromator~SPEX, 320!
and detected by a CCD camera with an image intens
~Hamamatsu Photonics, C4880!. The gate time for the image
intensifier was 5 ns. The time resolution of this system w
determined to be 570640 fs by measuring a gate-time d
pendence of nonresonance Raman scattering of water, w
was ;3500 cm21 Stokes shifted from the excitation fre
quency. All measurements were performed at room temp
ture.

In conventional Kerr-gate method, a thin-film polariz
is utilized as a polarizer. However, in our configuration, t
relatively thick GT polarizer~25 mm! was employed in orde
to improve the extinction ratio. Owing to this thickness, t
time-resolved fluorescence signal suffered from the gro
velocity dispersion~GVD!. This GVD was compensated a
follows. The group delay of the time-resolved fluorescen
signal was evaluated by the continuum generation by s
phase modulation~SPM! in a cell containing water. Since
this signal is instantaneous, the wavelength-dependent ar
time at the Kerr-medium position was analytically correct
on the basis of the obtained data. One of the advantage
this technique is that it is no need to change the experime
configuration for the data acquisition of the SPM and flu
rescence signals. Therefore, the time origin for each wa
length can be compensated precisely.

C. Time-resolved absorption spectroscopy

The laser system was composed of the second harmo
of an Er-doped fiber laser~Clark-MXR, SErF! and a regen-
erative amplifier~Clark-MXR, CPA-1000!. The typical dura-
tion, energy, and peak wavelength are 130 fs, 510mJ, and
775 nm, respectively. The fundamental~775 nm, 20
GW/cm2, and 1.431016photons/cm2! or the second harmon
ics ~SH; 388 nm, 2.7 GW/cm2, and 1.131015photons/cm2!
generated by the 3 mm thick LBO crystal was used for
excitation pulse, while the white light continuum generat
by the SPM in 1 cm-thick CCl4 liquid was used as a prob
and reference pulses. The polarization of the excitation p
was parallel to the probe pulse. The intensity of the pro
pulse passing through the sample and that of the refere
pulse were simultaneously measured by a dual multicha
photodiode~MCPD! detector~512 pixels32, 250SI, Princ-
eton!. The spectra of the probe and reference pulses w
read out from MCPD for each laser shot at a repetition r
of 100 Hz in order to minimize the noise which arises fro
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the pulse-to-pulse spectral fluctuation of the white light co
tinuum. The width of the cross correlation of the excitatio
and probe pulses was about 550 and 380 fs for the SH-
fundamental-excitation pulses, respectively. In order to co
pensate the group-delay dispersion of the probe-white c
tinuum, spectrally dispersed Kerr-gating signals from t
glass plate~FDS9! or CCl4 liquid were measured with use o
exactly the same experimental configuration except that
polarizer was placed in front of the detector. Th
wavelength-dependent arrival time at the sample posit
was analytically corrected on the basis of the obtained K
data. All measurements are performed at room temperat

III. RESULTS

A. Stationary absorption spectrum

Figure 1 shows stationary absorption spectrum of TP
solution and its ionic-strength dependence. The concen
tion of TPPS is 131024 mol/l. They were recorded on a
Shimadzu, UV-3101PC, UV-VIS-NIR scanning spectroph
tometer. Owing to the existence of two isosbestic points,
aggregation number must be constant for the same dye
centration. This aggregation is facilitated even at TPPS c
centration as low as 531025 mol/l by addition of cations
like K1. The isosbestic points do not shift significantly b
tween @TPPS#5531025 mol/l and 131024 mol/l. In the
case of no ion concentration (@KCl#50), two absorption
bands are mainly observed; the B-band~Soret band or
S2-state! in the blue-near ultraviolet (\vmax52.86 eV) and
the Q-band~S1-state! in the red region~\vmax51.92 and
2.09 eV!. The Soret-band has extremely large absorption
efficient. The two peaks in the Q-band at 1.92 and 2.09
are assigned to Q~0, 0!- and Q~1, 0!-states, respectively.

An aggregation equilibrium such as (J-aggrega

N(Monomer) can be controlled by the ionic strengt
whereN denotes the coherence length of the exciton~exciton
delocalization length!. It is noted that the physical size of th
aggregate is different from the coherence length~or spectro-
scopic size! due to a disorder in the system.23 As the ionic
strength increases, sharp absorption peaks appear at 1.7

FIG. 1. Variation of stationary absorption spectrum of TPPS with increas
KCl concentration from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,
and 0.2 mol/l (pH53.9).
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



A
d
n

tw

e
d

w
s
re
ur
p
th

rin

ed

m

gl
ak

e

a

ec
a

ow
es
3
n
2.

ne
0
ng

th
he
at

-
th

x
nd

m,
ave

e
te
g.
hat

the
KCl

een
e of
en-
ing
of

as-

the
mer

0.05,

on.

186 J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 H. Kano and T. Kobayashi
2.53 eV, which indicates formation of the J-aggregates.
shown in Fig. 1, two isosbestic points are clearly observe
1.87 and 2.73 eV. Since they do not shift for the full conce
tration range between 0.01 and 0.2 mol/l, there are only
species, i.e., monomers and single J-aggregates with the
herence length ofN in the whole concentration range. Th
absorption spectrum of the J-aggregate is characterize
mainly two bands, the B-band~S2-exciton state;\vmax

52.53 eV! and the Q-band ~S1-exciton state; \vmax

51.75 eV!. Since the oriented film of the J-aggregates sho
linear dichroism24 and flow-induced linear dichroism ha
been observed in solution,22 the porphyrin J-aggregates a
considered to form a rod-shaped one-dimensional struct

Discussion is now turned to the detailed spectrosco
properties of the J-aggregates. First we shall focus on
B-band. The B-band is split into two components: Bx-band
(\vmax52.53 eV), parallel to the aggregate axis~x axis! de-
fined as a direction connecting the centers of neighbo
molecules and By-band (\vmax52.93 eV), perpendicular to
that axis. The Bx-band is red-shifted and spectrally narrow
relative to the monomer, whereas the By-band is blue-shifted
and spectrally broad. This has been explained by the for
tion of J- and H-type aggregates, respectively.22 The slipped
face-to-face structure with twox- andy-transition dipole mo-
ments allows both J-type and H-type transitions in a sin
aggregate. Hence, some groups have ascribed the pe
2.93 eV to H-aggregate.22,25,26On the other hand, Maitiet al.
has attributed this peak to an intermediate between
H-dimer and J-aggregate.27 Next we shall concentrate on th
Q-band. The Qx-band is located at 1.75 eV and Qy-band may
be ascribed to a shoulder around 1.85 eV. The two sh
absorption peaks at 2.53 eV~Bx-band! and 1.75 eV
~Qx-band! are predominant in the stationary absorption sp
trum of the J-aggregates, therefore, in the following we sh
focus on these two bands.

B. Stationary fluorescence spectrum

Stationary fluorescence spectrum of the TPPS is sh
in Fig. 2. They were recorded on a Hitachi, F-4500, fluor
cence spectrophotometer. Excitation photon energies are
and 2.53 eV for S2- and S1-fluorescence, respectively. I
fluorescence spectrum of the monomer, two peaks at
and 1.84 eV are ascribed to the fluorescence from the S2- and
S1-states, respectively. As the ionic strength increases,
and sharp fluorescence peaks appear at 1.73 and 2.5
which indicates the aggregate formation. It is worth noti
that the Stokes shifts of the S2- and S1-fluorescences from the
J-aggregates are significantly smaller than those of
monomer. The S1-fluorescence from the J-aggregates reac
a peak and drops because of re-absorption effect and sc
ing due to the aggregate formation.

The natural lifetime,t0 , is also calculated from the sta
tionary absorption and fluorescence spectra using
Stricker–Berg equation28

1/t052.8831029n2~gl /gu!^ñ f
23&21E e~ ñ !d ln ñ. ~1!

Heren, gl , gu , ñ f , ande( ñ) represent the refractive inde
of the solvent~51.33!, the degeneracies of the ground a
Downloaded 01 Feb 2002 to 134.74.64.45. Redistribution subject to AI
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excited states~51/2!, the peak of the fluorescence spectru
and the absorption band shape function in terms of w
number, respectively. Although Eq.~1! holds for an allowed
transition such as S2-state in general, it is also applied to th
S1-state because the S1-state becomes quasi-allowed sta
due to the configuration interaction and vibronic couplin
The calculated results are shown in Table I. It is noted t
the effect of inhomogeneity is not taken into account.

C. Time-resolved fluorescence spectrum

Figure 3 shows time-resolved fluorescence spectra of
TPPS J-aggregates. The concentrations of TPPS and
were 531025 mol/l and 331023 mol/l, respectively. In Fig.
3, the fluorescence intensity due to the monomer has b
subtracted by taking account of the ratio of the absorbanc
the J-aggregate to the monomer at the excitation-photon
ergy. This ratio is estimated to be about 2.33 by decompos
the absorption spectrum of the sample solution into those

FIG. 2. Variation of stationary fluorescence spectrum of TPPS with incre
ing KCl concentration. S2-fluorescence~upper! and S1-fluorescence~lower!
are shown. The excitation-photon energies are 3.10 and 2.53 eV for
former and the latter, respectively. The KCl concentrations for the mono
and the J-aggregate are 0 and 0.1 mol/l, respectively, for the S2-fluorescence,
whereas the KCl concentration is changed as 0, 0.01, 0.02, 0.03, 0.04,
0.06, 0.07, 0.08, 0.1, and 0.2 mol/l for the S1-fluorescence.

TABLE I. Calculated natural lifetimes of the S2- and S1-states of porphyrin
molecule and J-aggregate.N represents the coherence length of the excit

Monomer J-aggregate

S2-state 3.2 ns 5.1 ns/N
S1-state 68 ns 47 ns/N
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the J-aggregate and the monomer. Owing to the flow cell,
fluorescence signal from both of the monomer a
J-aggregates were measured exactly in the same experi
tal configuration. For reference, an inset in Fig. 3 shows e
raw data at zero gate-time for the monomer and
J-aggregates partly containing the monomer. Figure 3 cle
indicates two peaks around 2.60 and 2.53 eV. The form
signal is observed even without porphyrin, therefore, it
ascribed to Raman scattering due to the solvent~water!. On
the other hand, the sharp peak at 2.53 eV is absent in
fluorescence spectrum of the monomer~see the inset in Fig
3!. Since this peak position coincides with the absorpt
maximum of the S2-exciton band of the J-aggregate, it
reasonably attributed to the S2-exciton fluorescence from th
J-aggregate. The bandwidth of the time-resolved spectrum
the S2-exciton fluorescence is about 0.05 eV, and it a
agrees well with those of the stationary fluorescence~;0.06
eV! and absorption~;0.05 eV! spectra. This consistency o
the bandwidth confirms our assignment. A gate-time dep
dence of the fluorescence intensity at the peak position of
S2-exciton state~2.53 eV! is depicted in Fig. 4. The fluores
cence decay curve clearly shows extremely short fluo
cence lifetime. The trace is fitted with the sum of a de
function and an exponential function with a time constant
360670 fs convoluted with the apparatus function. T
exponential-decay component is ascribed to
S2-fluorescence from the J-aggregates. On the other hand
instantaneous response is ascribed to two components.
one is Raman scattering from the water, whereas the oth
the fluorescence from the J-aggregates, because the
spectral profile at 2.53 eV is also contributing to the insta
taneous response. The latter contribution may be expla
by the hot luminescence from the S2-exciton state. Hence

FIG. 3. Time-resolved fluorescence spectra at seven different gate-ti
The contribution of the monomer was also measured and has been
tracted. The line indicates the probe-photon energy of the fluorescence
displayed in Fig. 4. An inset shows each raw data at zero gate-time fo
monomer ~dotted! and the J-aggregates partly containing the monom
~solid!.
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the decay-time constant, 360670 fs, seems to give an uppe
limit of the lifetime of the S2-exciton. Using the same func
tion, the S2-fluorescence from the monomer is also fitted a
the decay-time constant is determined to be 480650 fs.

D. Time-resolved difference absorption spectrum

1. Spectral profile and delay-time dependence

Time-resolved difference absorption spec
@DA(\v,t)# and the temporal profiles are depicted in Figs
and 6, respectively. The excitation-photon energy and
excitation-photon density are 3.1 eV and 2.7 GW/cm2, re-
spectively. The concentrations of TPPS and KCl are
31024 mol/l and 131022 mol/l, respectively. Immediately
after photoexcitation, bleaching at both of the S2-and
S1-exciton states~B- and Q-bands! and broad photo-induced
absorption~PIA! are observed. The spectral profile of th

es.
ub-
ce

he
r

FIG. 4. Gate-time dependence of the fluorescence intensity at 2.53 eV
the fitted results. Broken, solid, and dotted curves correspond to the fi
decay curves with a time constant of 200, 360, and 500 fs, respectively.
contribution of the monomer has been subtracted from the observed in
sity.

FIG. 5. Time-resolved difference absorption spectra at eight different de
times. The excitation-photon energy and excitation-power density are 3.
and 2.7 GW/cm2, respectively. The peak positions of the Q- and B-ban
~S1- and S2-exciton bands! are around 1.75 and 2.53 eV, respectively.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Temporal profiles of the
induced absorption change~dots! and
their fitted results~lines! at six differ-
ent probe-photon energies upto 20 p
~upper! and 100 ps ~lower!. The
dotted-broken, broken, three-dotted
broken, dotted, and solid curves ind
cate the t0-, t1-, t2-, and t3-
decay components and their sum
respectively.
p

be
the

Q
ed
ed,
each-
ne
induced absorption does not change significantly after 5
delay time and the signal decreases monotonously.

In the following, three spectral regions are mainly to
discussed:

~i! around 1.75 eV; bleaching at the Q-band;
~ii ! around 2.53 eV; bleaching at the B-band;
~iii ! region between 1.9 and 2.4 eV; broad PIA.
Downloaded 01 Feb 2002 to 134.74.64.45. Redistribution subject to AI
sFirst, we shall focus on the S1-exciton band~Q-band!. Two
dips at 1.74 and 1.86 eV appear around the Q-band after
photoexcitation. Note that both of them are close to thex-
and Qy-bands, respectively, and are still clearly observ
even after 100 ps delay time. In fact, this is unexpect
because several relaxation processes must change the bl
ing signal from the sharp spectral profile to the broad o
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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similar to the stationary absorption as increasing the de
time. Hence, we consider that PIA exists between thex-
and Qy-bands. This PIA can be explained by a fundamen
property of J-aggregates. In the one-dimensional Fren
exciton system, the PIA caused by the transition due
u2,S1&←u1,S1& must appear at the probe-photon ener
slightly higher than the peak of the J-band because of
so-called Pauli-exclusion principle~in other word, phase-
space filling effect!.29 The existence of the blue-shifted PI
is also supported by the fact that the bleaching peak
slightly red-shifted from the peak of the Q-band. This blu
shifted PIA becomes remarkable by resonant30 or
near-resonant31 excitation of the Q-band.

Second, we shall concentrate on the dynamics of
S2-exciton ~B-exciton!. Since the lifetime of the S2-exciton
has been reported to be 300 ps,32 the ‘‘hole’’ in the ground
state can be probed as the bleaching of the S2-band even after
the S1-exciton is converted to the S1-exciton. However, the
bleaching of the B-band is almost suppressed in compar
with the bleaching of the Q-band even if the overlapped P
is taken into account. This suppression is still observed e
at delay time longer than 100 ps, at which the S2-exciton
does not exist. Hence, the suppression must be explaine
only by the dynamics of the S2-exciton but also by the inter
action between the S1- and S2-excitons. This is discussed in
forthcoming paper, in which the suppression of the IC due
the presence of the S1-exciton will be investigated.33

Third, discussion is now turned to the broad PIA spe
trum. The peak position of the broad PIA is far above t
S1-exciton band, thus it is not attributable to the transiti
due to u2,S1&←u1,S1&. Since PIA appears with no growin
component in the whole probe spectral region and it rema
to exist at delay times longer than 100 ps. It indicates t
both u1,Sn&←u1,S2&, and u1,Sn&←u1,S1& transitions contrib-
ute to this PIA. Here Sn represents the Sn-exciton state,
which is the excited state of an exciton originated from
Sn-excited state of the molecule (n53,4,...). Sinceu1,Sn&
←uG& is observed in stationary absorption, the transit
such asu1,Sn&←u1,S1& is forbidden because of the differen
symmetry between theuG& and u1,S1& states. However, the
finite cross section of the two-photon excitation is expec
for u1,Sn&←uG& transition, which results in the PIA due t
u1,Sn&←u1,S1& in the nonlinear spectrum. The spectral pr
file of the PIA changes as follows with the delay time i
creases. A shallow dip starts to appear around 2.15 eV
sulting in the narrower absorption bandwidth with a pe
around 2.35 eV. It can also be regarded as the blue shi
the PIA.

In addition to that, a contribution of the monomer in th
time-resolved difference absorption spectrum is to be
cussed. From the stationary absorption spectrum of the
acid monomer, the bleaching is expected to be observe
1.92 eV. In order to verify the contribution of the monome
a sample mixed with J-aggregates and diacid monomer
also been measured. The spectral profile shows two b
negative dips at 1.93 and 2.09 eV, which are ascribed to
Q~0, 0!- and Q~1, 0!-bands of the diacid monomer. Since n
bleaching signal due to the monomer are found in Fig. 5,
Downloaded 01 Feb 2002 to 134.74.64.45. Redistribution subject to AI
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contribution of the monomer does not affect significantly
the absorbance change.

2. Excitation-photon-density dependence

Figure 7 shows excitation-photon-density dependenc
the PIA in three probe-photon energies at 5- and 20 ps-d
time. As is clearly observed, the signal is saturated. T
saturation-photon density,FS , is evaluated using the follow
ing equation34,35 and is listed in Table II:

DA5A~12exp~2F/FS!!. ~2!

Here F represents the excitation-photon density.A and FS

are parameters to be fitted. Equation~2! is derived assuming
that the pulse duration (t0) is shorter than the lifetime of the
excited state (tS2

). As will be discussed, the former and th
latter are about 200 and 300 fs, respectively, in the pres
study. Hence the above-mentioned condition is appro
mately satisfied. The saturation-photon densities for 2.10
2.35 eV at 5 and 20 ps delay times are similar to each o
and is estimated to be about 3.131014photons/cm2. From

FIG. 7. Normalized excitation-power dependence of PIA in 2.35~filled
circles!, 2.10~filled diamonds!, and 1.70 eV~crosses! at two delay times; 5
~upper! and 20 ps~lower!. Full length of the horizontal axis corresponds
2.7 GW/cm251.131015 photons/cm2.

TABLE II. Saturation intensity (I S(photons/cm2)31014) in three different
probe-photon energies at 5 and 20 ps delay time.

Eprobe 5 ps 20 ps

2.35 eV 2.960.2 3.260.2
2.10 eV 3.260.6 3.160.7
1.70 eV 5.961.2 4.361.3
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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this saturation-photon density, a cross section per a si
aggregate,sS , is estimated to be 2.2310215cm2 at 3.1 eV-
excitation-photon energy using a following equation:

sS5
1/tS2

FS /t0
. ~3!

3. Excitation-photon-energy dependence

In order to study the excitation-photon-energy dep
dence, near-resonant S1-excitation has been performed by 1
eV-excitation-photon energy, which is 0.15 eV lower than
absorption peak of the S1-exciton band. Figure 8 shows time
resolved difference absorption spectrum@DA(\v,t)#. The
excitation intensity was 20 GW/cm2. Immediately after pho-
toexcitation, two dips are observed around 1.75 and 2.5 e
sharp peak around 2.0 eV with an ultrafast response o
nates from Raman loss due to the solvent~water!, because an
energy difference between the excitation- and probe-pho
energy is about 0.42 eV.3400 cm21. This is verified by the
experimental observation of the sharp structure at 2.0
even without porphyrin dissolved. Spectral profile at dela
times longer than 5 ps is quite similar to the result obtain
by the 3.1 eV-excitation-photon energy, except that
bleaching around the Qy-band is smaller. We have also stu
ied the excitation-photon-density dependence of the indu
absorption signal and confirmed the super-linear depend
on the excitation-photon density as our group has reporte
Kerr-shutter measurement.19 It indicates that the one- an
two-photon excitations are contributing to the induced
sorption signal. It will be discussed in the next section.

IV. DISCUSSION

A. Singular value decomposition analysis

The time-resolved absorption data suggests that sev
transient species appear in the course of the relaxation

FIG. 8. Time-resolved difference absorption spectra at eight different de
times. The excitation-photon energy and the excitation-power density
1.6 eV and 20 GW/cm2, respectively.
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order to characterize the excited-state dynamics, the da
analyzed at first by the singular value decomposition met
~SVD!. The SVD method enables us to determine the nu
ber of independent temporal and spectral components in
time-resolved spectra.36–38 The SVD analysis of the Fig. 5
yields three principal singular values as shown in Fig. 9~a!.
The decomposed spectral and temporal components are
shown in Figs. 9~b! and 9~c!, respectively, for the three larg
est singular values. An ultrafast decay is found in the th
largest component with the singular value of 0.33 and t
component is dominant at the bleaching of the S2-exciton
state. As will be discussed in the following subsection, t
ultrafast decay is attributed to the S2→S1IC process, the de-
cay time of which agrees well with the result of the tim
resolved fluorescence spectroscopy.

B. A model for relaxation processes

In the present experimental condition, the excitatio
photon energy is 3.1 eV, therefore only the S2-exciton is
directly created. Based on the SVD analysis, we adopt
following kinetics scheme:

S0→
\v

S2→
~a!

S1*
1→

~b!

S1*
2→

~c!

S1→
~d!

S0 . ~4!

Here S1*
1 and S1*

2 denote nonequilibrium states of th
S1-exciton state. It is considered that the S2→S1IC is much
faster than an intraband relaxation process in the S2-exciton
band, therefore it is no need to take account of the intra2

band relaxation. According to this kinetics scheme,
delay-time dependence of the population at each state is
rived by solving the following rate equations:

dN0

dt
52g0N0 ,

dN1

dt
52g1N11g0N0 ,

~5!
dN2

dt
52g2N21g1N1 ,

dN3

dt
52g3N31g2N2 .

HereN0 , N1 , N2 , andN3 represent time-dependent popul
tions at each state~S2, S1*

1, S1*
2, and S1!. The inverse of the

g0 , g1 , g2 , and g3 are the decay times of correspondin
states~t0 , t1 , t2 , and t3!, respectively. The solutions fo
Eqs.~5! are given by

N0~ t !5exp~2g0t !,

N1~ t !5
g0

g02g1
~exp~2g1t !2exp~2g0t !!,

y-
re
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FIG. 9. Singular values~a!, spectral~b!, and temporal~c! profiles decomposed by the SVD analysis. The three largest singular values, 4.17~solid!, 0.41
~broken!, and 0.33~dotted! are plotted in~b! and ~c!.
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N2~ t !5
g0g1

~g02g1!~g02g2!
exp~2g0t !

2
g0g1

~g02g1!~g12g2!
exp~2g1t !

1
g0g1

~g02g2!~g12g2!
exp~2g2t !,

~6!

N3~ t !52
g1g2

~g02g2!~g02g3!
exp~2g0t !

1
g0g2

~g12g2!~g02g1!
exp~2g1t !

2
g1g0

~g12g2!~g02g2!
exp~2g2t !

1
g1g2

~g12g3!~g22g3!
exp~2g3t !.

Since each SVD component consists of several relaxa
processes, the temporal profile in Fig. 9~c! is fitted to a con-
volution of the system response function~550 fs! with a
following function:

DA~\v,t !5DA0~\v!exp~2t/t0!1DA1~\v!

3~exp~2t/t1!2exp~2t/t0!!1DA2~\v!

3exp~2t/t2!1DA3~\v!exp~2t/t3!. ~7!
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The largest decay-time constant,t3 , is fixed to be 300 ps,
because the lifetime of the S1-exciton is reported to be 295 p
with the resonant excitation of the S2-exciton band.32 It is
also noted that the rotational motion of the aggregate in
solution is negligible because of its large physical size. It h
been confirmed by the fluorescence anisotropy.39 The decay-
time constants obtained from the fitted result of the th
principle SVD components are listed in Table III. An u
trafast response is observed in the first and third SVD co
ponents. This is the fastest component in the transient
sorption, therefore, it is reasonably attributed to the S2→S1

IC process. This assignment is also supported by the resu
the time-resolved fluorescence spectroscopy, because
fluorescence lifetime of the S2-exciton has been determine
to be 360670 fs. The ultrafast decay-time constant observ
in time-resolved induced absorption signal does not cha
significantly for 2.7 and 1.7 GW/cm2-excitation-power den-
sity. As shown in Table III, the SVD analysis indicates t
existence of other component, the decay-time constan
which is ranging from 1 to 10 ps.

Next, the time-resolved induced absorption chan

TABLE III. Decay-time constants for three principle SVD components.

Singular value Decay-time constants

4.17 0.3660.02 ps, 1.660.7 ps, and 5.461.6 ps
0.41 1.760.5 ps and 1762 ps
0.33 0.2660.01 ps, 0.7860.16 ps, and 1062 ps
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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shown in Fig. 6 are fitted with use of Eq.~7!. Here two
decay-time constants,t0 andt3 are fixed to be 0.3 and 30
ps, respectively. Note that the former is determined by
SVD analysis. Figure 10 shows the probe-photon-energy
pendence of the decay-time constant. As is expected by
SVD analysis, the other two main decay-time constants
distributed in the region of 1.65–2.60 eV-probe-photon
ergy. The fast and slow decay-time constants,t1 andt2 , are
determined to be 4.261.0 ps and 1162 ps by statistical av-
erage over 1.65–2.60 eV. Note that these two decay-t
constants are similar values to each other. The amplitud
each decay component,DAi(\v) ~i 50, 1, 2, and 3! are
obtained by fixed four decay-time constants~t05300 fs, t1

54.2 ps,t2511 ps, andt35300 ps!. Since we adopted the
sequential model, the time-resolved absorption spectr
DA(\v,t), can be decomposed into four difference spec
of the excited minus ground states,DSi(\v) ~i 50, 1, 2, and
3!, as follows:

DA~\v,t !5(
i 50

3

Ni~ t !DSi~\v!. ~8!

Comparing Eq.~7! with Eq. ~8!, the relations between
DAi(\v) andDSi(\v) ~i 50, 1, 2, and 3! are approximately
expressed as follows:

DS05DA01DA21DA3 ,

DS15DA11DA21DA3 ,
~9!

DS25DA21DA3 ,

DS35DA3 .

Here it is assumed thatt0!t1!t2!t3 , DS02DS1

@g1 /(g02g2)DS22g1g2 /(g02g2)(g02g3)DS3 , and
DS12DS2@g2 /(g12g2)DS3 . Figure 11 shows the differ
ence spectra of the excited minus ground states,DSi(\v)
( i 50 – 3). Each excited-state spectrum indicates follow
four characteristic features:
~i! The bleaching signals of the B- and Q-bands are do
nated in theDS0(\v)-component;
~ii ! a fast recovery of the bleaching of the B-band is obser
in the DS1(\v)-component;
~iii ! the relatively blue-shifted and localized PIA is observ

FIG. 10. Probe-photon energy dependence of the decay-time constant
main regions are hatched.
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around 2.35 eV in theDS2(\v)-component. PIA is also
dominated at the probe-photon energy lower than
Q-band;
~iv! the bleaching of the B-band grows again and the PIA
the probe-photon energy lower than the Q-band becomes
in the DS3(\v)-component.

C. Assignment of each spectral component

The dynamics is reproduced well by using four expone
tial functions with different decay-time constants;t0

5300 fs, t154.261.0 ps, t251162 ps, andt35300 ps.
Hereafter 4.2 and 11 ps-components are referred to as 4
10 ps-components, respectively. In this subsection, the ph
cal origin of each spectral component is investigated. Fi
we shall focus on the DS0(\v)-component. The
DS0(\v)-component decays with a time constant of 300
This decay-time constant is in good agreement with
decay-time constant of the S2-fluorescence (360670 fs).
Therefore, theDS0(\v)-component is reasonably attribu
able to the IC process from the S2-exciton state to the
S1-exciton state. This assignment is also supported by
fact that the bleaching of the B-band is dominated in
spectrum of theDS0(\v)-component. The S2→S1 IC is
dominated in the relaxation channel from the S2-exciton state
because the S1-fluorescence is observed under t
S2-excitation.32 In order to confirm this process, S2-resonant
sub-20-fs pump-probe spectroscopy has also been perfor
and the lifetime of the S2-exciton is consistently obtained t
be about 300 fs by the recovery from the bleaching. T
lifetime of the S2-exciton in the present study is, howeve
different from the one for a spin-coated film,21 probably be-
cause of different sample preparation. In addition, a cohe
molecular vibration has also been observed in
S2-resonant experiment40 as well as in the S1-resonant
experiment.30

In DS0(\v)-component, broad PIA spectrum is also o
served between the S2- and S1-exciton band. This PIA is

wo

FIG. 11. Excited-state spectrum,DSi(\v) ~i 50, 1, 2, and 3; from the top to
the bottom!.
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ascribed to the transition from the S2-exciton state to the
Sn-exciton state. The spectral profile of the bleaching at
S1-exciton band is much narrower than that of the station
absorption spectrum. No population is expected in
S1-exciton band at this time scale, therefore, this struct
reflects the spectral profile of the ground-state depopulat
namely hole. It is evidenced by the fact that the spec
bandwidth of the laser pulse is about 10 meV, which is mu
narrower than the linewidth of the stationary absorpt
spectrum of the S1-exciton band.

Second, let us consider theDS1(\v)-component. The
S2-exciton is completely converted to the S1-exciton, there-
fore, the bleaching of the S2-exciton band is drastically re
duced in theDS1(\v)-component. On the other hand, th
bleaching of the S1-exciton band has broader spectrum th
the one of theDS0(\v)-component. Previously, our grou
have attributed the 1 ps-decay component to the lifetime
the S2-exciton, because the amplitude of the 1 ps-decay c
ponent has shown quadratic dependence on the pump p
with the 1.6 eV-excitation-photon energy.19 However, the IC
process due to S2→S1 is revealed to be 300 fs in the prese
study, and it clearly differs from the decay time of th
DS1(\v)-component, therefore, another mechanism mus
considered. Since the S1-exciton is not in thermal equilib-
rium on this time region because of the S2→S1 IC, several
relaxation processes are expected to take place in this
scale. In general, in the case of large molecules in solutio
vibrationally excited population is created after the IC. Th
population is redistributed in the intramolecular vibration
energy level to achieve thermal equilibrium~Boltzman dis-
tribution! with high temperature. It is so called intramolec
lar vibrational energy redistribution~IVR! process, the time
scale of which is believed to be 10–100 fs.41 For the
J-aggregates, similar process, namely intra-aggregate v
tional energy redistribution~IAVR !, is expected to take plac
in the similar time scale~,1 ps!. Since the decay time of th
DS1(\v)-component is relatively large~;4 ps!, the
DS1(\v)-component is not likely to be attributable to th
IAVR process. Although several recent studies have repo
that the IVR process is not completed on a picosecond t
scale,42–44 it is less evident that the decay-time constant o
ps is due to the IAVR in the present study.

Another possible mechanism for theDS1(\v)-
component is a bi-excitonic annihilation process, which h
been reported in PIC J-aggregates by Sundstromet al.45 and
Minoshimaet al.46 They have found decay-time constant
about 1 ps and concluded that the 1 ps-decay compo
originates from the bi-excitonic annihilation process, beca
the temporal profile was reproduced by a following ra
equation:

dn

dt
52G1n2G2n2. ~10!

Heren is the density of excitons,G1 is the excitonic decay-
rate constant, andG2 is the bi-excitonic decay-rate consta
due to the bi-excitonic annihilation. In a time-resolved a
sorption spectroscopy, the concentration of the excitons
responds to the absorbance change (DA) induced by the ex-
citation pulse. Thus, Eq.~10! is written as follows usingDA:
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dDA

dt
52G1DA2G28DA2. ~11!

Based on this bi-excitonic annihilation model, the decay p
file is fitted to the sum of the two exponential functions~t0

and t3! and the solution of Eq.~11!. Assuming G1

5(10 ps)21, the decay-rate,G28 , at 2.07 eV is determined to
be 3067 ps21 for the excitation-power density of 2.7
GW/cm2. However, this value cannot reproduce the expe
mental result for 1.7 GW/cm2-excitation-power density. Be
cause of this inconsistency, the bi-excitonic annihilation p
cess is probably ruled out. The bi-excitonic annihilati
process has been investigated in Ref. 19 and a similar re
has also been obtained.

The other mechanism which can explain t
DS1(\v)-component is vibrational cooling process. Aft
the IVAR process, the ‘‘hot’’ exciton subsequently dissipat
the vibrational energy into inter-aggregate energy trans
from the solute to the solvent. It is called vibrational coolin
~VC! process, the time scale of which is in the order of 10
in the case of organic molecules.41 In fact, there are two hot
states for the aggregate system. The one is the vibration
excited hot state, whereas the other is hot state in thek-space
~phase space!. The value ofk represents the mode of the on
exciton, the wave function of which is defined as follows

uk&5A 2

N11 (
n51

N

sinS np

N11
kD un&. ~12!

Here un& represents the wave function for a single excitati
of the nth molecule. Note that the interaction of the excito
with the vibration is not taken into account in Eq.~12!. After
the IC and IAVR, it is reasonable to consider the cooli
process from the vibrationally excited exciton with the se
eral higher mode ofk. Concerning theDS1(\v)-component,
the first-order momentum of the PIA spectrum shifts to b
as increasing the decay time. It can also be observed in
VC process. The above-mentioned spectral profile also af
the temporal profile as follows. The decay-time constant
comes smaller at smaller probe-photon energy. This is
clearly observed as shown in Fig. 10. In fact, the expec
probe-photon-energy dependence of the decay-time con
has been observed to be 1–2 ps using laser pulses with s
fs duration.30 In our previous study,30 the S1-exciton is di-
rectly created and the decay-time constant increases with
probe-photon energy. Hence, in the present study, the
process is expected to take more time because the S2-exciton
is photoexcited and the S1-exciton created through S2→S1

IC has larger excess energy than the one in the prev
study.30 As a result, theDS1(\v)-component is mainly at-
tributable to the VC process. TheDS1(\v)-component is
also observed in the case of 1.6 eV-excitation photon ene
The quadratic dependence observed in Ref. 19 may als
explained by the VC process of the S1-exciton, which is cre-
ated through the IC of the two-photon-excited S2-exciton.

Third, the discussion is now turned to the spectral pro
of theDS2(\v)-component. This component must also co
tribute to the relaxation processes due to both of the VC
PSC. Especially, in the case of theDS2(\v)-component, the
contribution of the phase-space cooling~PSC! process is in-
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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dicated by the prominent PIA around 1.71 eV, which is low
than the peak photon energy of the Q-band. A similar sp
tral shape and decay-time constant~20 ps! has been reported
for the PIC J-aggregates.46 The red-shifted PIA has been a
cribed to the transitions fromkÞ1 one-exciton state to a
two-exciton state, because the transition energy assoc
with kÞ1 one-excitons is lower than the transition ener
from the ground state to thek51 one-exciton state. In the
present experiment, similar transition is expected to oc
after the S2→S1 IC process, because several S1-excitons
havekÞ1 momenta through the IC. Both hot states in t
vibrational levels and in the phase space are expected t
cooled down by the interaction with the solvent. Since
energy separation between the differentk-exciton is esti-
mated to be about 200 cm21 assumingN511,22 the order is
similar to the vibrational frequency. Although th
DS2(\v)-component is mainly ascribed to the PSC proc
caused by the interaction with the solvent, both the VC a
PSC processes are considered to occur in the similar
scales~4–10 ps!. Therefore, strictly speaking, theDS1(\v)-
and DS2(\v)-components cannot be distinguishable w
each other. It is also noted that the sequential model is
adequate for the system which involves IVR process,
cause the decay-time constant depends on the probe-ph
energy and is not expressed as a single decay compo
The sequential model can be, therefore, regarded as a
plified model in the present study, and is adopted in orde
gain an overview of the dynamical process.

Finally, all the transient signals disappear with the tim
constant oft35300 ps, which corresponds to the S1-exciton
lifetime. As was shown in theDS2(\v)-component, the
DS3(\v)-component also gives blue-shifted and sligh
narrower PIA around 2.35 eV. In this time scale, the h
S1-exciton is completely thermalized.

V. CONCLUSION

The ultrafast relaxation process due to the S2→S1 IC has
been revealed by time-resolved fluorescence and absor
spectroscopies. The decay-time constant of
S2-fluorescence of the J-aggregate is determined to be
670 fs. The recovery from the bleaching of the S2-exciton
band has also been studied by the pump–probe spectros
and the decay-time constant is consistently obtained to

FIG. 12. Relaxation processes of the J-aggregates after photoexcitati
the S2-exciton state are illustrated with their time scales. The hatched re
represents the S1-exciton band.
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300 fs. The relaxation mechanism proposed on the basi
the time-resolved fluorescence and absorption data is s
marized in Fig. 12. AssumingN511, the exciton superradi
ant lifetime of the S2-exciton is estimated to be about 460
from the Stricker–Berg equation@Eq. ~1!# and it is much
longer than the observed lifetime. It indicates that the2
→S1 IC process determines the lifetime of the S2-exciton
more dominantly than the superradiant lifetime. Relaxat
dynamics of the S1-exciton following S2→S1 IC have also
been studied based on the sequential model and follow
three relaxation processes are time-resolved. After the in
aggregate vibrational energy redistribution~IAVR !, the
S1-exciton is cooled down through both of the vibration
cooling ~VC! and the phase-space cooling~PSC! processes
in the time scale of 4–10 ps. Finally, the S1-exciton relaxes
to the ground state with the decay-time constant of 300
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