
Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 192–200

Femtosecond fluorescence spectroscopy and near-field spectroscopy of
water-soluble tetra(4-sulfonatophenyl)porphyrin and its J-aggregate

Atsushi Miuraa,1, Yutaka Shibatab,2, Haik Chosrowjanb, Noboru Matagab, Naoto Tamaia,∗
a Department of Chemistry, School of Science and Technology, Kwansei Gakuin University, 2-1 Gakuen, Sanda 669-1337, Japan

b Institute for Laser Technology, 18-4 Utsubo-Hommachi, Nishi-ku, Osaka 550-0004, Japan

Available online 27 December 2005

Abstract

Fluorescence dynamics of tetra(4-sulfonatophenyl)porphyrin (TPPS) in aqueous solution and mesoscopic structures of TPPS in thin films
have been investigated by femtosecond fluorescence up-conversion spectroscopy and scanning probe microscopy (AFM/SNOM), respectively.
We observed very short lifetime inB-state fluorescence of J-aggregate (140± 10 fs) which was shorter than that of monomer (200± 10 fs) and
protonated monomer (530± 10 fs). In addition to the very short lifetime component inB state, we found very weak and short lifetime component
in Q state of monomer TPPS. Fluorescence observed at the shorter wavelength edge of the monomerQ band has a comparable short lifetime
of 240± 20 fs as well asB-state component which has been assigned to the fluorescence fromQy(0, 0) state. TPPS J-aggregate prepared by
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pin coating on the substrate shows quasi-2D nano-rod structures originated from the interaction between 1D J-aggregate. Large mic
tructures were observed in drop cast film. Near-field absorption and fluorescence images suggest the structural inhomogeneities o
icrocrystals.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of the J-aggregates by Scheibe[1] and
elley[2], the optical properties of these molecular systems have
ttracted great interest. Cyanine dyes are typical compounds

o form J-aggregates, and some porphyrin derivatives are also
nown to form J-aggregates[3–8]. The photophysical proper-
ies of porphyrin aggregates have been extensively investigated
y various spectroscopic techniques because of the structural
nd spectral similarities between porphyrin and chlorophylls

hat play a vital role in nature such as photosynthetic systems
9,10]. Thus, the porphyrin J-aggregate is a useful model com-
ound for studying the excited-state dynamics of the organisms.

n several papers, one-dimensional (1D) Frenkel exciton struc-
ure, in which the transition dipole moment of porphyrins is
ligned with “head-to-tail” orientation and strongly interacted
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each other, is proposed for the structural model of TPP
aggregate[3–7,11]. Because of the nature of dipole–dipole in
action between molecules, the characteristics of J-aggrega
strongly dependent on the ordering of molecular arrangem

J-aggregates of the dye molecules have been drawing
ests due to their peculiar photophysical properties for pote
applications such as opto-electronic devices. For such ki
application of J-aggregate, 1D linear aggregates (or 1D Fr
excitons) should be transferred on two-dimensional (2D) p
of solid substrate. Therefore, information on photophys
properties of dye aggregates in 2D plane is indispensable fo
ious applications. One of the most fruitful optical spectrosc
techniques in small domains is scanning near-filed op
microscopy (SNOM), which provides a spatial resolution be
than the diffraction limit (λ/2) for imaging and spectrosco
applications[12]. High spatial resolution of SNOM enables
to make the characterization of optical properties and m
scopic structures of dye aggregates in small domains[13,14].
For example, J-aggregates of pseudoisocyanine (PIC)
have been investigated by Barbara and co-workers using
rescence, time-resolved fluorescence, and polarization S
2 Present address: Graduate School of Science, Nagoya University, Furo-cho,
hikusa-ku, Nagoya 464-8602, Japan.

techniques[15,16]. They observed several different shapes of
long and fibrous structures of PIC J-aggregate on solid substrate.

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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In addition, the extent of excitation migration along J-aggregate
was estimated to be less than∼50 nm from the analysis of pho-
tobleaching induced by the incident light from the SNOM tip.

Another aspect of interesting photophysical property of por-
phyrins is the violation of Kasha’s rule: some porphyrins emit
the fluorescence from both secondly and lowest excited singlet
states[17]. The fluorescence from the organic dye molecules
usually occurs from the lowest excited singlet state (Q state or
S1 state) independent of the level of the excited state. Some
porphyrins are known to emit the fluorescence from the sec-
ondly excited state (B state or S2 state). Recently, several reports
have been published on theB-state fluorescence dynamics of
porphyrin derivatives by means of femtosecond fluorescence
up-conversion and other techniques[18–21], although the direct
measurement of the dynamics of theB state is difficult due to
very weak fluorescence intensity and short fluorescence lifetime.

In the present study, we have investigated the fluorescence
dynamics of water-soluble porphyrin, 5,10,15,20-tetraphenyl-
21H,23H-porphinetetrasulfonic acid (TPPS). TPPS is one of
the porphyrin derivatives to form J-aggregate in aqueous media
depending on experimental conditions such as pH, dye con-
centration, and/or ionic strength[3–8], and shows fluorescence
from the secondary excited state (B state). We have conducted
the time-resolved fluorescence measurements ofB andQ states
for all species of TPPS, monomer, protonated monomer and J-
aggregate, to elucidate the fluorescence dynamics of theB state.
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Fig. 1. Chemical structures of TPPS monomer (left) and TPPS protonated
monomer (right). Proposed one-dimensional aggregate of TPPPS is depicted
in lower panel.

fluorescence quantum yield measurements, rhodamine B was
used as a standard sample[22]. Time-resolved fluorescence
decay curves were measured by using a femtosecond fluores-
cence up-conversion apparatus. Detailed experimental set-up is
described elsewhere[18]. Briefly, the sample was excited with
the second harmonic of Ti:sapphire laser (Mira 900, Coherent,
810 nm, 76 MHz) pumped with a CW Ar-ion laser (Innova 310,
Coherent). The sum-frequency signal of fluorescence and resid-
ual fundamental laser pulse of Ti:sapphire laser was detected
with a photon-counting system (Hamamatsu, C5410). A cross-
correlation signal between fundamental and its second har-
monic pulses was used as an instrument response function
(FWHM ≈ 200 fs). In the fluorescence up-conversion measure-
ments, the sample solution was allowed to flow through a 2-mm
flow cell using a magnetic gyre pump (Micropump, 040-332)
to avoid any possibility of sample damage during the measure-
ments. A non-linear least-squares iterative convolution method
based on a Marquardt algorithm was used for the decay curve
analysis[23].

2.3. Mesoscopic structure by scanning probe microscopy

Thin films of TPPS were prepared on a glass substrate by
spin coating and drop casting of the sample solution. AFM mea-
surements were performed with an Explorer AFM (Topometrix)
o The
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n addition to the photophysical properties of 1D linear aggre
n aqueous solution, we have investigated the mesoscopic
ures and spectroscopic characteristics of TPPS J-aggrega

solid substrate by means of atomic force microscopy (A
nd scanning near-field optical microspectroscopy. We
lso demonstrated near-field absorption and fluorescence

roscopy on single assembly of TPPS J-aggregate.

. Experimental

.1. Materials

TPPS was purchased from Tokyo Kasei Co. and used wi
urther purification. The chemical structure of monomer and
onated monomer of TPPS are shown inFig. 1. Water for sampl
reparation was purified by a water purification system (Yam
o., Millipore WQ500) to the resistivity of∼18 M� cm. The pH
f a sample solution was adjusted by adding 2N NaOH solu
r concentrated HCl (Wako Chemical Co., super special g
5%) in order to change the molecular species of TPPS in a
us solution. The concentration change of the sample so
aused by the pH adjustment is negligibly small because o
olume change less than 2%. The concentration of the sa
olution was varied from 1.0× 10−6 to 1.0× 10−4 M depending
n the experiments.

.2. Steady-state and time-resolved spectroscopy

Steady-state absorption and fluorescence spectra
ecorded with U-3210 spectrometer (Hitachi) and FluoroM

(Jobin-Yvon, SPEX) spectrofluorimeter, respectively. In
-
n
e
e

re

perating in non-contact mode using silicon cantilever tips.
NOM and near-field spectrum measurement was cond
y using the time-resolved fluorescence SNOM system b
n Aurora (Topometrix). The details of the SNOM system
escribed elsewhere[13,14]. In brief, an Al-coated fiber ti
ith an aperture diameter of 50–100 nm was used. A S
f Ti:sapphire laser and femtosecond white-light continu
enerated by focusing an amplified Ti:sapphire laser in
ater cell were used for fluorescence imaging, near-field
rescence spectrum, and near-field absorption spectrum

ions. Each light source with a power less than 1 mW
oupled into the cleaved end of the fiber. A near-field absor
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spectrum was obtained by a combination of a polychromator
(Chromex, ChromSpec 250i) and a liquid nitrogen cooled mul-
tichannel detector (Princeton Instruments, CCD-1100). All the
measurements were done under ambient conditions at room
temperature.

3. Results and discussion

3.1. Steady-state spectroscopy

Fig. 2illustrates the steady-state absorption and fluorescence
spectra of TPPS at various conditions. The conformation of
TPPS in aqueous solution can be controlled by adjusting the
pH value of the solution. At relatively high pH region, typi-
cally above pH 4.5 at 1× 10−5 M concentration of solution,
TPPS exists as a monomer. Two out of four pyrrole rings are
protonated and the rests are unprotonated, resulting in theD2h
symmetry[17]. Fig. 2a depicts the absorption spectrum of TPPS
monomer, which shows theB-state absorption at 410 nm and
four Q-band peaks at 515, 551, 579, and 633 nm, which is typi-
cal for D2h free-base porphyrins. With decreasing the pH value
less than 4, the unprotonated pyrrole rings are protonated to

F
o
v
s
a

form the protonated monomer of TPPS possessingD4h symme-
try (Fig. 1). The absorption spectrum of the protonated monomer
showsB-state absorption peak at 434 nm and twoQ-band peaks
at 594 and 644 nm (Fig. 2b). Two-banded absorption of theQ
band is characteristic for theD4h symmetry porphyrins such as
metalloporphyrins. Further decreasing of pH value (pH < 2.2)
induces red-shifted absorption peaks at 490 and 706 nm with the
diminishing the protonated monomer absorption (Fig. 2c). This
very sharp and large red-shifted absorption are characteristic of
the J-aggregate. The spectral width of J-aggregate atB band is
twice narrower than that of protonated monomer:∼350 cm−1

FWHM for J-aggregate and∼880 cm−1 FWHM for protonated
monomer, respectively.

The fluorescence spectra of respective forms are illustrated
in Fig. 2 with dotted lines. The fluorescence spectrum of
monomer exhibits two peaks at 644 and 703 nm correspond-
ing to Qx(0, 0) andQx(0, 1), respectively, while single peaked
spectra are observed for protonated monomer (∼670 nm) and
for J-aggregate (∼714 nm). In addition to theQ-state fluores-
cence, we have observed very weak and sharp fluorescence from
theB state for all species. Monomer, protonated monomer, and
J-aggregate haveB-state fluorescence peaks at 421, 446, and
495 nm, respectively. The Stokes shift inB state is very small:
520, 620, and 206 cm−1, for monomer, protonated monomer, and
J-aggregate, respectively. It should be noted that the presented
fluorescence spectrum of the J-aggregate inFig. 2c was excited at
4 ature
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ig. 2. Absorption (solid line, 1× 10−5 M, optical path length; 3 mm) and flu-
rescence (dashed line, 5× 10−6 M) spectra of TPPS in aqueous solution at
arious pH conditions: (a) pH 11.0, (b) pH 3.0, and (c) pH 1.0. Fluorescence
pectra were measured with the excitation wavelength at (a) 400 nm, (b) 425 nm
nd (c) 460 nm.
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60 nm, however, we could obtain the identical spectral fe
or bothB andQ states of J-aggregate in case of 400 nm ex
ion which applied for fluorescence up-conversion measure
spectrum is not shown). In addition to the successfulB-state flu-
rescence observation for all species, we have observed th
eak shoulder at higher energy side (580–620 nm) of theQ band
f monomer. This emission is hardly recognized in linear s
lot but can be recognized in the logarithmic scale plot as

rated inFig. 3a. This very weak fluorescence will be discus
ater.

ig. 3. (a) Fluorescence spectra of TPPS monomer excited at 515 and 55
heQ-band region. Fluorescence intensity is normalized at the peak wave
f 644 nm, and the vertical axis is shown in the logarithmic scale. (b) Flu
ence excitation spectra of TPPS monomer observed at 600, 644, and 7
he spectra are normalized at the peak wavelength of 515 nm.
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Table 1
Fluorescence quantum yields, lifetimes, and radiative rate constants of TPPS

Species Quantum yield,Φf Fluorescence lifetime,τf Radiative rate constant,kf
a

B band (10−5) Q band B band Q band B band (s−1) Q band (s−1)

Decay (fs) Rise (fs) Decay (ns)

Monomer 3.0 0.076 200± 10 (435 nm) 250± 40 (640 nm) 10.9 (645 nm), 210± 30 fs (600 nm) 1.5× 108 7.0× 106

Protonated
monomer

11.0 0.083 530± 10 (470 nm) 680± 50 (660 nm) 3.9 (670 nm) 2.1× 108 2.1× 107

J-aggregate 9.1 0.001 140± 10 (500 nm) 210± 20 (730 nm) 0.055 (75%), 0.36 (15%) (720 nm) 6.5× 108 1.8× 107b (9.5× 106)c

a kf =Φf /τ.
b This value was calculated with 55 ps, main component of J-aggregate.
c This value was calculated with 106 ps which is an averaged lifetime of 55 and 360 ps decay components of J-aggregate.

The intensity of theB-state fluorescence is three orders of
magnitude smaller than that of theQ-state fluorescence. The
fluorescence quantum yields (Φ) of the respective species were
estimated by using the following equation:

Φi = Φs
Fi

Fs

1 − 10−As

1 − 10−Ai

n2
i

n2
s

(1)

whereF is the integrated fluorescence intensity,A the optical
density,n the refractive index of the solvent, and subscriptsi
ands are the sample and standard, respectively. The results of
quantum yields (Φf ) for both theQ and B states are summa-
rized inTable 1. The examinedΦf (Q) of the monomer (0.076)
is in agreement with the reported value of 0.080[24], which is
comparable to protonated monomer (Φf (Q) ≈ 0.083) and much
larger than that of the J-aggregate (Φf (Q) ∼ 0.001). In contrast
to Q-state fluorescence, the fluorescence quantum yield of J-
aggregate inB state (∼9.1× 10−5) is larger than that of monomer
(∼3.0× 10−5) and comparable to that of protonated monomer
(∼1.1× 10−4).

3.2. Time-resolved fluorescence spectroscopy

The fluorescence lifetimes of respective species in the
Q state were analyzed by picosecond single-photon timing
(λex≈ 400 nm) and the results are listed inTable 1. Obtained
fluorescence lifetimes of monomer (10.9 ns) and protonated
monomer (3.95 ns) are in good agreement with the reported val-
ues for monomer (9.26 ns, Maiti et al.; 9.5 ns, Akins et al.) and
protonated monomer (3.87 ns, Maiti et al.; 3.9 ns, Akins et al.)
[6,7]. The fluorescence decay of the J-aggregate could be fitted
with a sum of three exponential decay function with lifetimes of
55 ps (75%), 360 ps (15%), and 3.4 ns (10%). The longest com-
ponent is considered to be due to the overlap of the protonated
monomer. Therefore, the short components of 55 and 360 ps are
assigned to the decay components of J-aggregate.

Fluorescence dynamics of theB state was analyzed by the
fluorescence up-conversion technique.Fig. 4depicts the fluores-
cence decay curves of theB andQ states of monomer, protonated
monomer, and J-aggregate. The decay curves of theB-state fluo-
rescence for all species could be fitted with a single exponential
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ig. 4. Fluorescence rise and decay curves of TPPS monomer, protonate
onomer, the rise and decay profiles were observed at (a) 435 nm, (b) 6
t (d) 470 nm and (e) 660 nm. For J-aggregate, the rise and decay curve
bserved fluorescence decay/rise profiles. The dashed and solid lines de
espectively.
nomer, and J-aggregate. The sample is excited at 400 nm (SHG of Ti:sappser). For
, and (c) 640 nm. For protonated monomer, the rise and decay profiles wed

re observed at (f) 500 nm and (g) 730 nm. The closed circles depict the eally
e system response function and convolution curves with a sum of expontial function,
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decay function. No rise component was detected in our temporal
resolution.Fig. 4a and c depicts theB-state fluorescence decay
andQ-state rise/decay curves of the monomer. The lifetime of
monomer in theB state was analyzed to be 200± 10 fs, which
is in agreement with the rise component of theQ-state fluores-
cence (250± 40 fs) detected at 640 nm. The decay curves of the
protonated monomer are depicted inFig. 4d and e, in which
the lifetime of theB state was estimated to be 530± 10 fs and
the rise component of theQ-state fluorescence was 680± 50 fs.
Fluorescence lifetime of theB state of J-aggregate was obtained
as 140± 10 fs and the corresponding rise component of the
Q-state fluorescence was 210± 20 fs (Fig. 4f and g). Fluores-
cence lifetime of J-aggregate is shortest in all species of TPPS.
We found another very fast decay component inQ state of the
monomer as shown inFig. 4b. The fluorescence decay curve
measured at 600 nm, which corresponds to very weak emitting
component observed in fluorescence spectrum of the monomer
at higher energy region (580–620 nm) of theQ state, showed
two-exponential decay behavior with an ultrafast component of
210± 30 fs and a slow component of a few to tens of picoseconds
without rise component.

We have calculated the radiative rate constants of all species
by using respective fluorescence quantum yields and fluores-
cence lifetimes for bothB andQ states. The results are summa-
rized inTable 1. In the J-aggregate, the radiative rate constant
of theB state,k (B), is several times larger than that of the con-
s
o f th
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J-aggregate is composed with the same constituent of protonated
monomer. However, the fluorescence lifetime shows the obvious
difference between two species even though these species have
comparable fluorescence quantum yields, and the fluorescence
lifetime of J-aggregate is much shorter than that of monomer.
Faster internal conversion on J-aggregate may be explained by
the larger radiative rate constant of J-aggregate. The enhance-
ment of radiative rate in J-aggregate, which is due to the collec-
tive nature of the excited state of the aggregate, is well known
as superradiance[25–29]. A typical example is the J-aggregate
of pseudoisocyanine (PIC), in which the enhancement factor
is about 100 at low temperature[30,31]. In the case of TPPS J-
aggregate, the radiative rate constant of protonated monomer and
J-aggregate inQ state is almost comparable, thus the enhance-
ment in theQ state at room temperature is almost negligible.
This is probably due to the weak transition dipole–transition
dipole interaction in theQ state, which is completely different
from the PIC J-aggregate. In contrast to theQ state, enhancement
of the radiative rate constant of J-aggregate in theB state was
observed because of the large transition dipole–transition dipole
interaction, although the exciton scattering easily occurs at high
temperatures and thus the enhancement factor is not large as
that at low temperature. Thus, the internal conversion from the
B state to theQ state is expected to be much faster in J-aggregate
than in protonated monomer.

We should consider the origin of the very weak and ultra-
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tituent, protonated monomer. In contrast to theB state,kf (Q)
f the J-aggregate is comparable or smaller than that o
rotonated monomer. The non-radiative rate constant ofB
tate of J-aggregatekn(B) is estimated to∼7.1× 1012 s−1, which
s several times larger than that of the protonated mon
∼1.9× 1012 s−1).

Discussion is now turned to the difference of observeB-
tate lifetime between monomer, protonated monomer a
ggregate. Fluorescence from the higher excitedB state of por
hyrin is due to the competition with the internal convers

rom B state toQ state. Several reasons considered here
he degeneration of excited electronic configuration and pa
nergy surface configuration betweenB andQ states, the lack o
llowed excited triplet states, and suppression of vibronic
ling betweenB andQ states because of relatively large ene
ap. ObservedB-state fluorescence lifetime of monomer (200

s much shorter than that of protonated monomer (530 fs)
nergy separation betweenB andQ states of monomer and pro
ated monomer is calculated to be 5.0× 103 cm−1 for monome
nd 7.5× 103 cm−1 for protonated monomer. The wider ene
eparation in protonated monomer implies the lower de
f vibronic states that contributes to the radiationless vibr
oupling between theB and Q states. Therefore, protonat
onomer results in the longer fluorescence lifetime inB state

han monomer.
B-state fluorescence lifetime of J-aggregate (140 fs) is sh

han that of protonated monomer. The lifetime of proton
onomer and J-aggregate should be similar because of th

owing reasons: (1) the difference of energy gap ofB andQ states
f J-aggregate (6.3× 103 cm−1) and protonated monomer is n
o larger than that for monomer and protonated monomer a
e
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)

ast decay component at higher energy region (580–620 n
he Q band of the monomer (Fig. 3a). The fluorescence dec
t 600 nm (Fig. 4c) has very fast component of 210 fs. As
escribed above, TPPS monomer has theD2h symmetry and

ncludes two electronic states inQ band,Qx and Qy states
ecently, Akimoto et al. have found similar ultrafast decay c
onent at higher energy edge of theQ state of free-base porphyr
H2P) by fluorescence up-conversion technique[20]. This shor
ifetime component showed peaks at 560–600 nm which
he mirror image relationship to theQy absorption. They pro
osed that the emission in this region is due to the fluoresc

rom the Qy state and the internal conversion ofQy → Qx is
robably the origin of the short lived component.

Fig. 3b depicts the steady-state excitation spectra ofQ state
bserved at 600, 644, and 702 nm. The enhancement o
elative intensity of theQy(0, 0) (peak at 552 nm) was observ
ith the detection at 600 nm. A similar phenomenon
bserved in the fluorescence spectra (Fig. 3a). TheQy(0, 0)
and excitation at 552 nm leads to slight enhancement o
uorescence intensity around 600 nm as compared to theQy(1,
) excitation at 515 nm or theB-band excitation. There are tw
ossible origins of this ultrafast decay component at 600
ne is originated fromQy(0, 0) state and the other is origina

rom a higher vibrational level ofQx state. In the latter cas
00 nm fluorescence should be assigned toQx(2, 0) or highe
ibrational level. However,Qx(2, 0) or higher level absorption
eaker thanQy(0, 0) andQy(1, 0) absorption, and the probab

ty of Qx(2, 0) fluorescence should be weaker thanQy(1, 0) and
y(0, 0) fluorescence. Furthermore, steady-state fluores
pectrum measurements show wavelength dependen
escribed above. Therefore, it is more plausible thatQy(0, 0)
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state is the candidate of the origin of ultrafast decay component
at 600 nm. The wavelength dependence may be explained by
the competition between the transition fromQy(1, 0) toQx state
and the relaxation fromQy(1, 0) toQy(0, 0). After theB-state
excitation, the internal conversion to higher vibrational levels
of Qy state takes place followed by the vibrational relaxation
to Qy(1, 0) state, and thenQy(1, 0) to Qy(0, 0) relaxation
leading to the fluorescence at 600 nm competes toQy(1, 0) to
Qx transition. Thus, the excitation higher thanQy(1, 0) state
shows rather weak fluorescence intensity at 600 nm than the
direct excitation toQy(0, 0) state. Moreover, the fluorescence
band at 600 nm possess a mirror image relationship toQy(0,
0) absorption spectrum. This weak fluorescence, therefore,
assigned to the fluorescence fromQy(0, 0).

Fluorescence dynamics at 600 nm shows no rise component
although theB state has very fast decay component of∼210 fs.
This can be simply explained by the consecutive reaction from
B state toQy, and toQx state. The dynamics ofB andQy states
are given by the following equations:

B = B0 e−(k1+kB)t (2)

Qy = k1B0

k2 + kQy − k1 − kB
{e−(k1+kB)t − e−(k2+kQy )t} (3)

wherek1 and k2 are the rate constants fromB to Qy and Qy

to Qx. kB, kQy , andkQx are the rate constants from respective
s stan
I
a arab
t te is
s ll

F ns o
t were
c

the observed fluorescence dynamics of TPPS monomer in the
Q state, suggesting that the internal conversion fromQy to Qx

states is much faster than that fromB to Qy states due to the
small energy separation between two states.

3.3. Mesoscopic structure and spectral properties of TPPS
J-aggregate by scanning probe microscopy

It has been widely proposed that TPPS forms one-
dimensional (1D) linear aggregate in solution from the results
of linear dichroism as depicted inFig. 1 [4]. However, the direct
observation of mesoscopic structure of TPPS J-aggregate is quite
limited [32]. The spectral properties of aggregates should have
strong correlation with their mesoscopic structures, and thus
direct observation of spatially resolved spectroscopic property
of mesoscopic structures is indispensable. We have conducted
additional measurements to characterize the nanoscopic struc-
tures of TPPS aggregate as transferred on the substrate by means
of atomic force microscopy and scanning near-field optical
microscopy. Assemblies of TPPS were prepared on the surface
of glass substrate by drop casting and spin coating. As for the ref-
erence, TPPS monomer transferred on the substrate with same
procedure has also been examined.

A typically observed non-contact AFM image of TPPS J-
aggregate is shown inFig. 6a. The existence of J-aggregate
is confirmed by the absorption spectrum of sample thin film.
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ig. 5. Schematic drawing of the simulation results of consecutive reactio
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hen the J-aggregate solution was spin coated on the sub
ery remarkable morphologies of aggregates were observ
ts AFM image. The J-aggregate in thin film forms long
arrow rod-like structure. This corresponds well to the m
copic structure of the TPPS J-aggregate observed by Nag
t al. in SNOM topographic image[32]. In some parts of th

mage, nano-rods agglutinate and form the cingulum of n
ods. Although the length of the nano-rods extends in wide r
rom a few tens of nanometers to a micrometer, the dimen
f the single nano-rod is rather uniform; the height and widt
ingle nano-rod is∼4 nm in height and∼30 nm in width, respec
ively (Fig. 6c). The height of the crossing point of the nano-r
8 nm), which is indicated by the white arrow inFig. 6a, is twice
s high as single nano-rod. Thus, 4 nm is considered to b

hickness of single nano-rod. However the width of the si
ano-rod,∼30 nm, is too larger for the lateral size of single TP
olecule which is estimated to be∼1.9 nm from the molecula
odeling (seeFig. 1). Even if we take into account the conv

ution of the apex size of the AFM tip, the lateral size of sin
PPS in AFM image could not reach to 30 nm. Structural dim
ion of nano-rod in AFM image implies that 1D aggregat
PPS may be gathered to form nano-rod of TPPS J-aggreg

act, the nano-rods tend to agglutinate and form the cingulu
ano-rods. It should be noted that the J-aggregate compon
queous solution can be filtrated with the membrane filter w
as very small pore size such as 0.5�m. The filtration induce

he drastic diminution of the absorption peak of J-aggre
not shown). This suggests that the agglutinated thick n
od is formed in solution phase. Nano-rod of J-aggregate
e assigned to the quasi two-dimensional aggregate stru
n the other hand, such kinds of rod-like structures cann
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Fig. 6. AFM images for spin coated films of (a) J-aggregate and (b) monomer solution. (c and d) The topographic cross-section of J-aggregate and monomerthin
film, respectively. Scan size of the AFM image is 2.0�m× 2.0�m.

observed in the thin film of TPPS monomer as illustrated in
Fig. 6b. Instead, small microcrystalline protrusions with a few
to a few tens of nanometer height and several tens of nanome-
ters in lateral size are observed as in the cross-section shown in
Fig. 6d.

In addition to the rod-like J-aggregate structure, we found
different types of mesoscopic structures of J-aggregate by chang-
ing the film preparation method. The thin film prepared by drop
casting of the sample solution shows microcrystal-like struc-
tures. The topographic image of microcrystalline structure of
TPPS J-aggregate obtained by SNOM is depicted inFig. 7a. The
microcrystalline structures of J-aggregate have a few microme-
ters lateral dimension and the height reaches to 200 nm in some
structure. In contrast to the nano-rod observed in spin coated

F rved
b alline
s bsorp
t l with
s um in
a m wa
e

film, microcrystalline structure is much larger than nano-rod
structure. This structural difference probably depends on the
drying process of the sample solution. In contrast to the depo-
sition by spin coating, applied solution was left until drying up
all the solvent in drop casting method. It takes more than half
an hour to prepare the film because the films are prepared under
ambient condition at room temperature. It is enough long for
crystal growth at the solution/substrate interface. In addition to
the agglutinative characteristics of TPPS J-aggregate observed in
the AFM image inFig. 6a, mean concentration increases during
the evaporation of the solvent, which enhances the aggregation
formation[8]. Thus, the large microcrystalline structure in the
aggregate can be prepared by drop casting. A cross-section per-
formed along the line is depicted in the topography inFig. 7b.
The height of the structures changes almost∼50 nm unit, sug-
gesting that the crystalline structures are formed by piling up the
brick of TPPS J-aggregate.

A near-field absorption and fluorescence spectra of a micro-
crystal of TPPS J-aggregate have been demonstrated. We should
note that both absorption and fluorescence spectra longer than
715 nm were cut by IR cut filter to avoid the interference of the
shear-force diode laser that is utilized to control the tip–sample
distance. In addition, theB-state fluorescence signal from the
nano-rod of J-aggregate was too weak to get the signal under
SNOM apparatus. It is due to the extremely low fluorescence
quantum yield and the lack of physical amount of compound
i icro-
c
a
a spec-
t d to
J .
T rption
p lution
( ared
w orre-
s ows
t peak
ig. 7. (a) Topography of microcrystalline J-aggregate in thin film obse
y SNOM. (b) The cross-sectional analysis of topography of microcryst
tructures measured along the white line in the image. The near-field (c) a
ion and (d) fluorescence spectra of microcrystalline structure (lower pane
olid line) in position X are shown together with the corresponding spectr
queous solution (upper panel with dotted line). The fluorescence spectru
xcited at 410 nm. Scan size of the topographic image is 20�m× 20�m.
-

s

n thin film. The spectra were measured on top of the m
rystalline structure observed in drop-casted film ofFig. 7a,
s indicated with “X” in the image. Lower panels inFig. 7c
nd d depict the near-field absorption and fluorescence

rum, respectively. The near-field spectra can be identifie
-aggregate because of the characteristic peaks ofB andQ bands
he near-field absorption spectrum shows the main abso
eak at 490 nm as well as the spectrum obtained in the so
Fig. 7c), although the peak width is very broad as comp
ith that observed in aqueous solution. This peak should c
pond to theB-state absorption. The absorption spectrum sh
he several peaks and valleys in addition to the absorption
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Fig. 8. (a) Topographic and (b) corresponding fluorescence images of TPPS
cast-film observed at 510 nm. The sample was excited at 410 nm. Image was
taken with 15�m× 15�m scan size.

of J-aggregate, which may be due to the interference of weak
white-light continuum used as probe light. The near-field fluo-
rescence spectrum shows weak but obvious fluorescence signal
that has a peak at 500 nm and the increment of the intensity above
675 nm. From the comparison with the spectrum observed in
aqueous solution (Fig. 7d, dashed line), the fluorescence peak at
500 nm and the increment above 675 nm can be assigned to the
B-state fluorescence and high energy band edge ofQ-state fluo-
rescence of J-aggregate. Though the peaks are originated from
the J-aggregate, the spectrum observed in near-field fluorescence
spectrum is very broad as compared with that in aqueous solu-
tion. For both absorption and fluorescence, spectrum broadening
of the peak is obviously observed. This can be explained by
the structural inhomogeneity of inner structure of J-aggregate
microcrystal. Microcrystals of J-aggregate are most probably
constructed by the agglutination of the nano-rod of J-aggregates
From the comparison of the size, the microcrystalline structure
is composed with large numbers of J-aggregate nano-rod. Thi
will cause the structural inhomogeneity of microcrystal struc-
tures and results in the spectral broadening.

Finally we have examined theB-state fluorescence imag-
ing of J-aggregate by SNOM.Fig. 8 shows the topographic
picture of microcrystalline structure of TPPS J-aggregate and
corresponding fluorescence image observed at 510 nm. A brigh
fluorescence spot was observed inside the slightly weak fluores
cence image, which is not corresponding well to the shear-force
t due
t very
w ly th
e d the
l thin
s

4

S in
v up-
c s an
s ega
b mea
s time
o ver
s

fluorescence lifetime, we have found very weak and fast decay
component in TPPS monomer at shorter wavelength edge of
the Q-band fluorescence. This very weak fluorescence can be
assigned to the fluorescence originated fromQy(0, 0) state. The
internal conversion fromQy to Qx states is estimated to be much
faster than that fromB to Qy states from the analysis of this very
fast component.

The analysis of the structures of J-aggregate by AFM and
SNOM shows the different types of mesoscopic structures of
TPPS J-aggregate, which are depending on the thin film prepa-
ration method. Under quick drying process, TPPS forms the
nano-rod of the J-aggregate by interaction between 1D aggre-
gate and form rather homogeneous quasi-2D rod-like structure.
On the other hand, large microcrystalline structure is formed
during the evaporation process in drop cast film. The broad-
ening of the peaks in the near-field absorption and fluorescence
spectra of microcrystalline structure indicate that the microcrys-
tals are rather structurally inhomogeneous.B-state fluorescence
imaging of J-aggregate was also demonstrated with SNOM.
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opography of microcrystalline structure. This is probably
o the inhomogeneity inside the microcrystal. We also see
eak emission all over the observed area. This is probab
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. Conclusions

We have studied the fluorescence dynamics of TPP
arious forms by utilizing the femtosecond fluorescence
onversion spectroscopy as well as mesoscopic structure
patially resolved spectroscopic properties of TPPS J-aggr
y means of SNOM. Femtosecond fluorescence lifetime
urements ofB state revealed the very short fluorescence life
f all species of TPPS, and especially J-aggregate has
hort lifetime of 140± 10 fs. In addition to the shortB-state
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