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Abstract

Fluorescence dynamics of tetra(4-sulfonatophenyl)porphyrin (TPPS) in aqueous solution and mesoscopic structures of TPPS in thin film
have been investigated by femtosecond fluorescence up-conversion spectroscopy and scanning probe microscopy (AFM/SNOM), respective
We observed very short lifetime iB-state fluorescence of J-aggregate (31D fs) which was shorter than that of monomer (2000 fs) and
protonated monomer (53010 fs). In addition to the very short lifetime componensistate, we found very weak and short lifetime component
in O state of monomer TPPS. Fluorescence observed at the shorter wavelength edge of the miobantehas a comparable short lifetime
of 240+ 20fs as well asB-state component which has been assigned to the fluorescence{(0m0) state. TPPS J-aggregate prepared by
spin coating on the substrate shows quasi-2D nano-rod structures originated from the interaction between 1D J-aggregate. Large microcrystalli
structures were observed in drop cast film. Near-field absorption and fluorescence images suggest the structural inhomogeneities of J-aggreg
microcrystals.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction each other, is proposed for the structural model of TPPS J-
aggregat§3—7,11] Because of the nature of dipole—dipole inter-
Since the discovery of the J-aggregates by Schdiband  action between molecules, the characteristics of J-aggregates are
Jelley[2], the optical properties of these molecular systems havetrongly dependent on the ordering of molecular arrangements.
attracted great interest. Cyanine dyes are typical compounds J-aggregates of the dye molecules have been drawing inter-
to form J-aggregates, and some porphyrin derivatives are alsests due to their peculiar photophysical properties for potential
known to form J-aggregatd8—8]. The photophysical proper- applications such as opto-electronic devices. For such kind of
ties of porphyrin aggregates have been extensively investigatexpplication of J-aggregate, 1D linear aggregates (or 1D Frenkel
by various spectroscopic techniques because of the structurakcitons) should be transferred on two-dimensional (2D) plane
and spectral similarities between porphyrin and chlorophyllof solid substrate. Therefore, information on photophysical
that play a vital role in nature such as photosynthetic systemgroperties of dye aggregates in 2D plane is indispensable for var-
[9,10]. Thus, the porphyrin J-aggregate is a useful model comious applications. One of the most fruitful optical spectroscopic
pound for studying the excited-state dynamics of the organismsgechniques in small domains is scanning near-filed optical
In several papers, one-dimensional (1D) Frenkel exciton struanicroscopy (SNOM), which provides a spatial resolution better
ture, in which the transition dipole moment of porphyrins isthan the diffraction limit £/2) for imaging and spectroscopy
aligned with “head-to-tail” orientation and strongly interacted applicationg12]. High spatial resolution of SNOM enables us
to make the characterization of optical properties and meso-
- scopic structures of dye aggregates in small domgiBsl 4]
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In addition, the extent of excitation migration along J-aggregate R R 2+
was estimated to be less tha®0 nm from the analysis of pho- _I
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 stglestate or
S; state) independent of the level of the excited state. Some
porphyrins are known to emit the fluorescence from the sec-
ondly excited stateH{state or S state). Recently, several reports
have been published on thstate fluorescence dynamics of
porphyrin derivatives by means of femtosecond fluorescence
up-conversion and other techniqy#8—21] although the direct
measurement of the dynamics of tBestate is difficult due to
very weak fluorescence intensity and short fluorescence lifetime.
In the present study, we have investigated the fluorescendeg. 1. Chemical structures of TPPS monomer (left) and TPPS protonated
dynamics of water-soluble porphyrin, 5,10,15,20_tetrapheny|monomer (right). Proposed one-dimensional aggregate of TPPPS is depicted
21H,23H-porphinetetrasulfonic acid (TPPS). TPPS is one off fower panel.
the porphyrin derivatives to form J-aggregate in aqueous media
depending on experimental conditions such as pH, dye corfluorescence quantum yield measurements, rhodamine B was
centration, and/or ionic strengfB—8], and shows fluorescence Used as a standard sam{g2]. Time-resolved fluorescence
from the secondary excited stat® $tate). We have conducted decay curves were measured by using a femtosecond fluores-
the time-resolved fluorescence measuremengsasfdQ states ~ Ce€nce up-conversion apparatus. Detailed experimental set-up is
for all species of TPPS, monomer, protonated monomer and §lescribed elsewhe{é8]. Briefly, the sample was excited with
aggregate, to elucidate the fluorescence dynamics df thete. the second harmonic of Ti:sapphire laser (Mira 900, Coherent,
In addition to the photophysical properties of 1D linear aggregat810 nm, 76 MHz) pumped with a CW Ar-ion laser (Innova 310,
in aqueous solution, we have investigated the mesoscopic strugoherent). The sum-frequency signal of fluorescence and resid-
tures and spectroscopic characteristics of TPPS J-aggregatesé fundamental laser pulse of Ti:sapphire laser was detected
a solid substrate by means of atomic force microscopy (AFM)Nith a photon-counting system (Hamamatsu, C5410). A cross-
and scanning near-field optical microspectroscopy. We haveorrelation signal between fundamental and its second har-

also demonstrated near-field absorption and fluorescence spdBOnic pulses was used as an instrument response function

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-
2.1. Materials ments. A non-linear least-squares iterative convolution method
based on a Marquardt algorithm was used for the decay curve

TPPS was purchased from Tokyo Kasei Co. and used withoi@halysis23].
further purification. The chemical structure of monomer and pro-
tonated monomer of TPPS are showirig. 1 Water for sample  2.3. Mesoscopic structure by scanning probe microscopy
preparation was purified by a water purification system (Yamato
Co., Millipore WQ500) to the resistivity £ 18 MQ cm. The pH Thin films of TPPS were prepared on a glass substrate by
of a sample solution was adjusted by adding 2N NaOH solutiospin coating and drop casting of the sample solution. AFM mea-
or concentrated HCI (Wako Chemical Co., super special gradesurements were performed with an Explorer AFM (Topometrix)
35%) in order to change the molecular species of TPPS in aqueperating in non-contact mode using silicon cantilever tips. The
ous solution. The concentration change of the sample solutioBNOM and near-field spectrum measurement was conducted
caused by the pH adjustment is negligibly small because of thby using the time-resolved fluorescence SNOM system based
volume change less than 2%. The concentration of the samptan Aurora (Topometrix). The details of the SNOM system is
solution was varied from 1.8 10 °t0 1.0x 10-*Mdepending  described elsewher|d3,14] In brief, an Al-coated fiber tip

2. Experimental

on the experiments. with an aperture diameter of 50-100 nm was used. A SHG
of Ti:sapphire laser and femtosecond white-light continuum
2.2. Steady-state and time-resolved spectroscopy generated by focusing an amplified Ti:sapphire laser into a

water cell were used for fluorescence imaging, near-field flu-

Steady-state absorption and fluorescence spectra weogescence spectrum, and near-field absorption spectrum detec-
recorded with U-3210 spectrometer (Hitachi) and FluoroMax-ions. Each light source with a power less than 1 mW was
2 (Jobin-Yvon, SPEX) spectrofluorimeter, respectively. In thecoupled into the cleaved end of the fiber. A near-field absorption
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spectrum was obtained by a combination of a polychromatoform the protonated monomer of TPPS possesBiigsymme-
(Chromex, ChromSpec 250i) and a liquid nitrogen cooled mul4ry (Fig. 1). The absorption spectrum of the protonated monomer
tichannel detector (Princeton Instruments, CCD-1100). All theshowsB-state absorption peak at 434 nm and t#band peaks
measurements were done under ambient conditions at rooat 594 and 644 nmHg. 2b). Two-banded absorption of th@
temperature. band is characteristic for thR4, 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 absorptibig( 2c). This

very sharp and large red-shifted absorption are characteristic of
the J-aggregate. The spectral width of J-aggregabeland is

Fig. 2illustrates the steady-state absorption and fluorescend@ice narrower than that of protonated monome850 cnt*
spectra of TPPS at various conditions. The conformation of WHM for J-aggregate ane880 cnt* FWHM for protonated
TPPS in aqueous solution can be controlled by adjusting thExonomer, respectively.
pH value of the solution. At relatively high pH region, typi-  The fluorescence spectra of respective forms are illustrated
cally above pH 4.5 at X 10°°>M concentration of solution, in Fig. 2 with dotted lines. The fluorescence spectrum of
TPPS exists as a monomer. Two out of four pyrrole rings arénonomer exhibits two peaks at 644 and 703 nm correspond-
protonated and the rests are unprotonated, resulting ibshe  INg to Ox(0, 0) andQx(0, 1), respectively, while single peaked
symmetry[17]. Fig. 2a depicts the absorption spectrum of TPPSSpectra are observed for protonated monomes70 nm) and
monomer, which shows thB-state absorption at 410nm and for J-aggregate~714 nm). In addition to the-state fluores-
four 0-band peaks at 515, 551, 579, and 633 nm, which is typicence, we have observed very weak and sharp fluorescence from
cal for Doy, free-base porphyrins. With decreasing the pH valuethe B state for all species. Monomer, protonated monomer, and

less than 4, the unprotonated pyrrole rings are protonated tbaggregate havB-state fluorescence peaks at 421, 446, and
495 nm, respectively. The Stokes shiftArstate is very small:

520, 620, and 206 crt, for monomer, protonated monomer, and
T T J-aggregate, respectively. It should be noted that the presented
- fluorescence spectrum of the J-aggregakégn2c was excited at
460 nm, however, we could obtain the identical spectral feature
for both B andQ states of J-aggregate in case of 400 nm excita-
tion which applied for fluorescence up-conversion measurement
(spectrum is not shown). In addition to the succeB{siate flu-
orescence observation for all species, we have observed the very
weak shoulder at higher energy side (580-620 nm) ofthand
of monomer. This emission is hardly recognized in linear scale
plot but can be recognized in the logarithmic scale plot as illus-
trated inFig. 3a. This very weak fluorescence will be discussed
later.

3. Results and discussion

3.1. Steady-state spectroscopy
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Fig. 2. Absorption (solid line, k 10~° M, optical path length; 3mm) and flu-  Fig. 3. (a) Fluorescence spectra of TPPS monomer excited at 515 and 552 nm in
orescence (dashed linex510-6 M) spectra of TPPS in aqueous solution at theQ-band region. Fluorescence intensity is normalized at the peak wavelength
various pH conditions: (a) pH 11.0, (b) pH 3.0, and (c) pH 1.0. Fluorescencef 644 nm, and the vertical axis is shown in the logarithmic scale. (b) Fluores-
spectra were measured with the excitation wavelength at (a) 400 nm, (b) 425 nraence excitation spectra of TPPS monomer observed at 600, 644, and 702 nm.
and (c) 460 nm. The 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 Fluorescence lifetimer; Radiative rate constani?
Bband (10°) @band Bband 0 band Bband (s1) Qband (1)
Decay (fs) Rise (fs) Decay (ns)

Monomer 3.0 0.076 2010 (435nm) 250:40 (640nm) 10.9 (645nm), 21D30fs (600nm) 1.5 10° 7.0x 1¢°
Protonated  11.0 0.083  53@& 10 (470nm) 68@:50 (660nm) 3.9 (670 nm) 24108 2.1x 10

monomer
J-aggregate 9.1 0.001 14010 (500nm) 21@:20 (730nm) 0.055 (75%), 0.36 (15%) (720nm)  6.30° 1.8x 107 (9.5x 108)¢

2 ks = dslt.

b This value was calculated with 55 ps, main component of J-aggregate.
¢ 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 3.2. Time-resolved fluorescence spectroscopy

magnitude smaller than that of th@-state fluorescence. The

fluorescence quantum yield@) of the respective species were  The fluorescence lifetimes of respective species in the

estimated by using the following equation: Q state were analyzed by picosecond single-photon timing
(Aex~ 400 nm) and the results are listedTable 1 Obtained

F1—10"4s n|2 fluorescence lifetimes of monomer (10.9ns) and protonated

SFs1— 1074 ,Tg @ 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

whereF is the integrated fluorescence intensitythe optical  protonated monomer (3.87 ns, Maiti et al.; 3.9 ns, Akins et al.)

density,n the refractive index of the solvent, and subscripts [6,7]. The fluorescence decay of the J-aggregate could be fitted

ands are the sample and standard, respectively. The results @fith a sum of three exponential decay function with lifetimes of

guantum yields &s) for both theQ and B states are summa- 55 ps (75%), 360 ps (15%), and 3.4 ns (10%). The longest com-

rized inTable 1 The examinedp;(Q) of the monomer (0.076) ponent is considered to be due to the overlap of the protonated

is in agreement with the reported value of 0.088], whichis  monomer. Therefore, the short components of 55 and 360 ps are

comparable to protonated monomex(Q) ~ 0.083) and much assigned to the decay components of J-aggregate.

larger than that of the J-aggregat& (Q) ~ 0.001). In contrast Fluorescence dynamics of tliestate was analyzed by the

to Q-state fluorescence, the fluorescence quantum yield of Jluorescence up-conversion technidig. 4depicts the fluores-

aggregate il state (9.1 x 10~°)is larger thanthat of monomer cence decay curves of tBeandQ states of monomer, protonated

(~3.0x 107°) and comparable to that of protonated monomermonomer, and J-aggregate. The decay curves df-#tate fluo-

D =

(~1.1x 107%). rescence for all species could be fitted with a single exponential
3
©
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Fig. 4. Fluorescence rise and decay curves of TPPS monomer, protonated monomer, and J-aggregate. The sample is excited at 400 nm (SHG oédii)sEpphire la
monomer, the rise and decay profiles were observed at (a) 435 nm, (b) 600 nm, and (c) 640 nm. For protonated monomer, the rise and decay profilesdvere mee
at (d) 470 nm and (e) 660 nm. For J-aggregate, the rise and decay curves were observed at (f) 500 nm and (g) 730 nm. The closed circles depict thkyexperime
observed fluorescence decay/rise profiles. The dashed and solid lines depict the system response function and convolution curves with a stiied &fesg@men
respectively.
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decay function. No rise component was detected in our temporadtaggregate is composed with the same constituent of protonated
resolution Fig. 4a and c depicts thB-state fluorescence decay monomer. However, the fluorescence lifetime shows the obvious
andQ-state rise/decay curves of the monomer. The lifetime oflifference between two species even though these species have
monomer in theB state was analyzed to be 2610fs, which  comparable fluorescence quantum yields, and the fluorescence
is in agreement with the rise component of thestate fluores- lifetime of J-aggregate is much shorter than that of monomer.
cence (25 40fs) detected at 640 nm. The decay curves of thé=aster internal conversion on J-aggregate may be explained by
protonated monomer are depictedHig. 4d and e, in which the larger radiative rate constant of J-aggregate. The enhance-
the lifetime of theB state was estimated to be 5800fs and  ment of radiative rate in J-aggregate, which is due to the collec-
the rise component of the-state fluorescence was 6&®%0fs.  tive nature of the excited state of the aggregate, is well known
Fluorescence lifetime of the state of J-aggregate was obtained as superradiand@5—29] A typical example is the J-aggregate
as 140+ 10fs and the corresponding rise component of theof pseudoisocyanine (PIC), in which the enhancement factor
Q-state fluorescence was 23Q@0fs (Fig. 4f and g). Fluores- is about 100 at low temperatuf&0,31] In the case of TPPS J-
cence lifetime of J-aggregate is shortest in all species of TPP&ggregate, the radiative rate constant of protonated monomer and
We found another very fast decay componenpistate of the J-aggregate i@ state is almost comparable, thus the enhance-
monomer as shown ifig. 4b. The fluorescence decay curve ment in theQ state at room temperature is almost negligible.
measured at 600 nm, which corresponds to very weak emittinghis is probably due to the weak transition dipole—transition
component observed in fluorescence spectrum of the monomdipole interaction in the state, which is completely different
at higher energy region (580—620 nm) of t@estate, showed fromthe PIC J-aggregate. In contrast toghgtate, enhancement
two-exponential decay behavior with an ultrafast component obf the radiative rate constant of J-aggregate inBlstate was
210+ 30fsand a slow component of a few to tens of picosecondsbserved because of the large transition dipole—transition dipole
without rise component. interaction, although the exciton scattering easily occurs at high
We have calculated the radiative rate constants of all specigemperatures and thus the enhancement factor is not large as
by using respective fluorescence quantum yields and fluoreshat at low temperature. Thus, the internal conversion from the
cence lifetimes for bot® andQ states. The results are summa- B state to the state is expected to be much faster in J-aggregate
rized inTable 1 In the J-aggregate, the radiative rate constanthan in protonated monomer.
of the B state k;(B), is several times larger than that of the con- We should consider the origin of the very weak and ultra-
stituent, protonated monomer. In contrast to khstate ks(Q)  fast decay component at higher energy region (580-620 nm) in
of the J-aggregate is comparable or smaller than that of ththe Q band of the monomei{g. 3a). The fluorescence decay
protonated monomer. The non-radiative rate constant oBthe at 600 nm Fig. 4c) has very fast component of 210fs. As we
state of J-aggregatg(B) is estimated te-7.1 x 1012s~1, which  described above, TPPS monomer has fhg symmetry and
is several times larger than that of the protonated monomencludes two electronic states id band, 0, and Q, states.
(~1.9x 1012571y, Recently, Akimoto et al. have found similar ultrafast decay com-
Discussion is now turned to the difference of obserBed ponentathigherenergy edge of thetate of free-base porphyrin
state lifetime between monomer, protonated monomer and JH>P) by fluorescence up-conversion techni2@. This short
aggregate. Fluorescence from the higher exdsthate of por-  lifetime component showed peaks at 560—600 nm which gave
phyrin is due to the competition with the internal conversionthe mirror image relationship to th@, absorption. They pro-
from B state toQ state. Several reasons considered here arposed that the emission in this region is due to the fluorescence
the degeneration of excited electronic configuration and paralldtom the Q, state and the internal conversion @f — Q, is
energy surface configuration betwagandQ states, the lack of probably the origin of the short lived component.
allowed excited triplet states, and suppression of vibronic cou- Fig. 3 depicts the steady-state excitation spectr@ sfate
pling betweerB andQ states because of relatively large energyobserved at 600, 644, and 702nm. The enhancement of the
gap. Observef-state fluorescence lifetime of monomer (200 fs) relative intensity of the2, (0, 0) (peak at 552 nm) was observed
is much shorter than that of protonated monomer (530fs). Thaith the detection at 600nm. A similar phenomenon was
energy separation betweBmandQ states of monomer and proto- observed in the fluorescence spectfég( 3a). TheQ,(0, 0)
nated monomer is calculated to be 5.00° cm~! for monomer  band excitation at 552 nm leads to slight enhancement of the
and 7.5x 10° cm for protonated monomer. The wider energy fluorescence intensity around 600 nm as compared toife
separation in protonated monomer implies the lower densitP) excitation at 515 nm or thB-band excitation. There are two
of vibronic states that contributes to the radiationless vibronigossible origins of this ultrafast decay component at 600 nm.
coupling between thé& and Q states. Therefore, protonated One is originated fron, (0, 0) state and the other is originated
monomer results in the longer fluorescence lifetim@istate  from a higher vibrational level of), state. In the latter case,
than monomer. 600 nm fluorescence should be assigne@t(?, 0) or higher
B-state fluorescence lifetime of J-aggregate (140 fs) is shortedibrational level. HoweveiQ, (2, 0) or higher level absorption is
than that of protonated monomer. The lifetime of protonatedveaker tharQ, (0, 0) andQ,(1, 0) absorption, and the probabil-
monomer and J-aggregate should be similar because of the faty of 0.(2, 0) fluorescence should be weaker tiggil, 0) and
lowing reasons: (1) the difference of energy gap ehdQ states  Q,(0, 0) fluorescence. Furthermore, steady-state fluorescence
of J-aggregate (6.8 10° cm~1) and protonated monomer is not spectrum measurements show wavelength dependence as
so larger than that for monomer and protonated monomer and (2escribed above. Therefore, it is more plausible gD, 0)
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state is the candidate of the origin of ultrafast decay componerhe observed fluorescence dynamics of TPPS monomer in the
at 600 nm. The wavelength dependence may be explained Iy state, suggesting that the internal conversion f@uo Q,

the competition between the transition fr@y(1, 0) toQ, state  states is much faster than that fra@nto Q, states due to the
and the relaxation fron®, (1, 0) toQ,(0, 0). After theB-state  small energy separation between two states.

excitation, the internal conversion to higher vibrational levels

of Q, state takes place followed by the vibrational relaxation3.3. Mesoscopic structure and spectral properties of TPPS

to 0y(1, O) state, and the®,(1, 0) to Q,(0, 0) relaxation J-aggregate by scanning probe microscopy

leading to the fluorescence at 600 nm competed,(d, 0) to

O, transition. Thus, the excitation higher thai(1, 0) state It has been widely proposed that TPPS forms one-
shows rather weak fluorescence intensity at 600 nm than thdimensional (1D) linear aggregate in solution from the results
direct excitation toQ,(0, 0) state. Moreover, the fluorescence of linear dichroism as depicted Kig. 1 [4]. However, the direct
band at 600 nm possess a mirror image relationshig{®,  observation of mesoscopic structure of TPPS J-aggregate is quite
0) absorption spectrum. This weak fluorescence, therefordimited [32]. The spectral properties of aggregates should have
assigned to the fluorescence frgm(0, 0). strong correlation with their mesoscopic structures, and thus

Fluorescence dynamics at 600 nm shows no rise componedirect observation of spatially resolved spectroscopic property
although theB state has very fast decay component@f10fs.  of mesoscopic structures is indispensable. We have conducted
This can be simply explained by the consecutive reaction fronadditional measurements to characterize the nanoscopic struc-
B state toQ,, and toQ, state. The dynamics & andQ, states tures of TPPS aggregate as transferred on the substrate by means
are given by the following equations: 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-
wherek; andk; are the rate constants fromto O, andQ,  aggregate is shown ifig. 6a. The existence of J-aggregate
to Q. kg, kg,, andkp, are the rate constants from respectivejs confirmed by the absorption spectrum of sample thin film.
states to the ground state including the radiative rate ConstarWhen the J_aggregate solution was Spin coated on the Substrate,
If kg, + k2, is larger tharkg +k1, the dynamics of), shows  yery remarkable morphologies of aggregates were observed in
almost no rise component and the decay constant is comparatjg AFM image. The J-aggregate in thin film forms long and
to that of theB state. The rise/decay behavior of each state isyarrow rod-like structure. This corresponds well to the meso-
schematically summarized Fig. 5a and b. This explains well  scopic structure of the TPPS J-aggregate observed by Nagahara

et al. in SNOM topographic imag@2]. In some parts of the

iy T - D a image, nano-rods agglutinate and form the cingulum of nano-
\ (a) rods. Although the length of the nano-rods extends in wide range
-\—"B 3 1 from a few tens of nanometers to a micrometer, the dimension
of the single nano-rod is rather uniform; the height and width of
single nano-rod is-4 nm in height and-30 nm in width, respec-
tively (Fig. 6c). The height of the crossing point of the nano-rods
(8 nm), which is indicated by the white arrowhig. 6a, is twice
as high as single nano-rod. Thus, 4 nm is considered to be the
thickness of single nano-rod. However the width of the single
nano-rod,~30 nm, istoo larger for the lateral size of single TPPS
molecule which is estimated to bel.9 nm from the molecular
modeling (sed=ig. 1). Even if we take into account the convo-
lution of the apex size of the AFM tip, the lateral size of single
TPPS in AFM image could notreach to 30 nm. Structural dimen-
sion of nano-rod in AFM image implies that 1D aggregate of
TPPS may be gathered to form nano-rod of TPPS J-aggregate. In
fact, the nano-rods tend to agglutinate and form the cingulum of
nano-rods. It should be noted that the J-aggregate components in
k1 + kB << k2+kay il agueous solution can be filtrated with the membrane filter which
has very small pore size such as @r8. The filtration induced
the drastic diminution of the absorption peak of J-aggregate

Time (not shown). This suggests that the agglutinated thick nano-
Fig. 5. Schematic drawing of the simulation results of consecutive reactions Oqu is formed in solution phase. Nano-rod of J-aggregate can

three statesH, 0., andQ, states). The population changes of each state werdd€ assigned to the quasi t_WO'dimenSi(_)nal aggregate structure.
calculated with (ak1 + kg ~ k2 + kg, and (b)ks + kg < k2 + ko, On the other hand, such kinds of rod-like structures cannot be

B =By e—(k1+kB)t (2)

_ k1Bo
~ ka+kg, —ki—ks

{e—(k1+kB)t _ e—(k2+ka)t} (3)

Qy

Population
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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 atidnrmonomer
film, respectively. Scan size of the AFM image is 218 x 2.0p.m.

observed in the thin film of TPPS monomer as illustrated infilm, microcrystalline structure is much larger than nano-rod
Fig. 6b. Instead, small microcrystalline protrusions with a fewstructure. This structural difference probably depends on the
to a few tens of nanometer height and several tens of nanomerying process of the sample solution. In contrast to the depo-
ters in lateral size are observed as in the cross-section shownition by spin coating, applied solution was left until drying up
Fig. 6d. all the solvent in drop casting method. It takes more than half
In addition to the rod-like J-aggregate structure, we foundan hour to prepare the film because the films are prepared under
differenttypes of mesoscopic structures of J-aggregate by changmbient condition at room temperature. It is enough long for
ing the film preparation method. The thin film prepared by dropcrystal growth at the solution/substrate interface. In addition to
casting of the sample solution shows microcrystal-like structhe agglutinative characteristics of TPPS J-aggregate observedin
tures. The topographic image of microcrystalline structure othe AFM image inFig. 6a, mean concentration increases during
TPPS J-aggregate obtained by SNOM is depictéddgn7a. The  the evaporation of the solvent, which enhances the aggregation
microcrystalline structures of J-aggregate have a few micromdormation[8]. Thus, the large microcrystalline structure in the
ters lateral dimension and the height reaches to 200 nm in sonaggregate can be prepared by drop casting. A cross-section per-
structure. In contrast to the nano-rod observed in spin coatefdrmed along the line is depicted in the topographyig. 7b.
The height of the structures changes almeS0 nm unit, sug-
gesting that the crystalline structures are formed by piling up the

3 @ brick of TPPS J-aggregate.
‘g“ A near-field absorption and fluorescence spectra of a micro-
= 1 crystal of TPPS J-aggregate have been demonstrated. We should
‘g ] note that both absorption and fluorescence spectra longer than
2 ] 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
400 500 600 700 . o )
Wavelength /nm distance. In addition, th8-state fluorescence signal from the
nano-rod of J-aggregate was too weak to get the signal under
3 [() L] SNOM apparatus. It is due to the extremely low fluorescence
L 4 quantum yield and the lack of physical amount of compound
\
Q . . . .
(b) Q ] in thin film. The spectra were measured on top of the micro-
%EZW ’F“ i g ] crystalline structure observed in drop-casted filmFad. 7a,
'25103 e o MMW ] as indicated with “X” in the image. Lower panels ffig. 7c
02 468 10 2 and d depict the near-field absorption and fluorescence spec-
400 500 600 700 trum, respectively. The near-field spectra can be identified to
Distance / um Wavelength /nm

J-aggregate because of the characteristic peakarmdQ bands.
Fig. 7. (a) Topography of microcrystalline J-aggregate in thin film observedThe near-field absorption spectrum shows the main absorption
by SNOM. (b) The cross-sectional analysis of topography of microcrystallinepeak at 490 nm as well as the spectrum obtained in the solution

structures measured along the white line in the image. The near-field (c) absor()r_-ig. 7¢), although the peak width is very broad as compared

tion and (d) fluorescence spectra of microcrystalline structure (lower panel with . . . .
solid line) in position X are shown together with the corresponding spectrum inWlth that observed in aqueous solution. This peak should corre

aqueous solution (upper panel with dotted line). The fluorescence spectrum waP0Nd to thes-state absorption-_The a.b_sorption SpeCtrUm shows
excited at 410 nm. Scan size of the topographic image jsi26& 20 .m. the several peaks and valleys in addition to the absorption peak
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fluorescence lifetime, we have found very weak and fast decay

4 alb ) component in TPPS monomer at shorter wavelength edge of
; the Q-band fluorescence. This very weak fluorescence can be
‘ assigned to the fluorescence originated fr@y(0, 0) state. The
- internal conversion fron®, to Q, states is estimated to be much

faster than that from to Q, 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-
Fig. 8. () Topographic and (b) corresponding fluorescence images of TPPEAtION method. Under quick drying process, TPPS forms the
cast-film observed at 510 nm. The sample was excited at 410 nm. Image wa¥no-rod of the J-aggregate by interaction between 1D aggre-
taken with 15um x 15pum scan size. gate and form rather homogeneous quasi-2D rod-like structure.

On the other hand, large microcrystalline structure is formed
of J-aggregate, which may be due to the interference of wealuring the evaporation process in drop cast film. The broad-
white-light continuum used as probe light. The near-field fluo-ening of the peaks in the near-field absorption and fluorescence
rescence spectrum shows weak but obvious fluorescence sigrglectra of microcrystalline structure indicate that the microcrys-
thathas a peak at 500 nm and the increment of the intensity abovals are rather structurally inhomogeneaBstate fluorescence
675nm. From the comparison with the spectrum observed iimaging of J-aggregate was also demonstrated with SNOM.
agueous solutiorHg. 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 edgkesthte fluo-
rescence of J-aggregate. Though the peaks are originated from This work was partially supported by Grant-in-Aid for Scien-
the J-aggregate, the spectrum observed in near-field quorescer’n[ﬁtIaC Research on Priority Areas of Molecular Nano Dynamics,
spectrum is very broad as compared with that in aqueous SOIlfrom MEXT, Japan,
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-aggregat&eferences
microcrystal. Microcrystals of J-aggregate are most probably ,
constructed by the agglutination of the nano-rod of J-aggregate :2[] G. Schibe, Angew. Chem. 49 (1936) 563.
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