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dimensions at the vicinity of a glass/solution interface: a time-resolved
and total-internal-reflection fluorescence spectroscopic study
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Abstract

Optical properties of newly observed J aggregates (J;; and J») for an aqueous pseudoisocyanine (PIC) dye solution produced in a soda
lime wedge-type glass cell at room temperature were demonstrated. The absorption peaks of the aggregates were red-shifted (peak:
Ji1~17340 and J;,~17240 cm™ ") compared to that of a well-known J aggregate (peak: ~17 480 cm 1), and their line widths were also
broadened. Time-resolve and total-internal-reflection (TIR) fluorescence measurements showed that the J aggregates were distributed in a
mesoscopic region at the glass/solution interface, and the aggregate/substrate interface in solution could act as a nonradiative channel for

the excitonic state. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Molecular aggregates play important roles in various
fields of science and are often found in biological systems,
where transport of a photon energy and an electron takes
place very efficiently [1]. Organic dye aggregates have been
also utilized for technological applications: photography
and opto-electronics [2]. Among various organic dyes,
cyanine dyes represented by pseudoisocyanine (PIC) pro-
duce so-called J aggregates, as characterized by red-shifted
(with respect to the monomer band energy), intense, and
very narrow excitonic absorption (J band). Recently, J
aggregates have attracted considerable attention in relation
to molecular assemblies or coherent excitation phenomena
which provide large optical nonlinearities [3-7]. As the
molecular structure of the J aggregate, a linear chain struc-
ture has been proposed. Knapp has shown that the spectral
line profile is related to the number of coherently coupled
molecules (N,) in the aggregate and should become narrow
by a factor of N? as compared to that of the monomer
spectrum [8]. More precisely, the correlation between mole-
cular transition energies of neighboring molecules within
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the aggregate affects the line shape of the J band through a
disorder parameter D [9]. In spite of such extensive studies,
however, the definite structure and aggregation number of
the J aggregate of PIC have been a matter of controversial
discussions.

A study on optical dynamics of the J aggregates is also of
primary importance since the study provides information
about coherent excitation. Molecules within a coherence
size (N,) of the aggregate respond in phase to an external
field and, as a result, the radiative decay rate is predicted to
increase by a factor of N.. Theoretical calculations have
shown that the coherence size is dependent on a coupling
strength between the molecules and a temperature [7].
Actually, it has been elucidated that exciton—exciton anni-
hilation often dominates excited state relaxation of the
aggregates [10,11], and the fluorescence lifetime of the
PIC J aggregates in water has been determined to be several
hundreds of picosecond at room temperature under a low
power excitation condition [12]. Superradiance of the PIC J
aggregate has been reported on the basis of detailed tem-
perature-dependent lifetime studies in a water/ethylene gly-
col glass: 40 ps below 50K while it increases with
increasing temperature [13]. The lifetime of the PIC J
aggregates in LB monolayer films was also determined to
be 8.2 ps at room temperature [14]. In the case of a thia-
carbocyanine J aggregate adsorbed on AgBr microcrystals, a
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very short lifetime with ca. 5-25 ps was observed at room
temperature.

Optical properties of the J aggregates have been examined
extensively for solution, LB film, and adsorbed states as
described above and those are shown to be sensitive to
microenvironments. Clearly, ordered structures in LB and
on adsorption sites of crystal surfaces are favorable factors
for producing molecular arrangements. On the other hand,
glasses are an amorphous material and its effect on an
ordered molecular aggregation similar to that on crystal
surfaces is not expected. Thus, optical measurements have
been performed generally by using glass cells. In the course
of studying spectroscopic characteristics of aqueous PIC
solutions in minute dimension, however, we found for the
first time several types of surface-induced, self-organized J
aggregate formation of PIC at a soda lime glass/water
interface. Since the observed J aggregate exhibited an
absorption peak and a line width different from those of a
well-known J aggregate of PIC (peak: ~17480cm ',
width: ~70 cm™! (HWHM) at room temperature) [15],
we explored detailed spectroscopic measurements on the
newly observed J aggregates including time-resolved and
total-internal-reflection (TIR) fluorescence spectroscopies.
In this article, we report characteristic features of the optical
and morphological properties of the self-organized J aggre-
gates produced at a glass/water interface.

2. Experimental

1,1’-Diethyl-2,2'-cyanine (pseudoisocyanine; PIC) chlor-
ide was obtained from Nippon Kankoh-Shikiso Kenkyusho
and used as received. Pure water was obtained by an
Aquarius GSR-200 (Advantec). Soda lime glass, borosili-
cate glass (Matsunami Glass Industries), and quartz glass
plates (Fujiwara) were used to prepare wedge-type optical
thin-layer cells. Major components of the soda lime glass
used were SiO, (70%), Na,O (12%), CaO (6.5%), and K,O
(4%). A borosilicate glass used was mainly composed of
Si0, (65%), B,O3 (10%), and K,O (8%). The optical path
length of the thicker side of the wedge cell was set about
~30 pm by using an aluminum spacer, while no spacer was
set in the other side. An aqueous PIC solution (6 mM) as a
sample was introduced to the cell by capillary action from
the thicker side. The total length of the cell was 25 mm.

Absorption spectra were measured with a Hitachi U-3300
spectrophotometer. Fluorescence spectra were obtained
using a Hitachi F-4500 spectrofluorometer or polychroma-
tor-multichannel photodetector set (PMA-11, Hamamatsu
Photonics). Fluorescence quantum yields of the J aggregates
were determined by observing the fluorescence from the cell
front with rhodamine 101 in ethanol being used as a standard
(quantum yield=0.98 [16,17] at 560 nm excitation). Fluor-
escence lifetimes were determined by a time-correlated
single photon counting system (Hamamatsu Photonics,
SPC-300). Regeneratively amplified (Coherent, RegA

9000) output pulses of a solid-state green laser (Coherent,
Verdi) pumped mode-locked Ti:saphirre laser (Coherent,
Mira 900 F) were introduced to an optical parametric
amplifier (Coherent, OPA 9400) to obtain excitation pulses
at 514 or 570 nm (duration: ~150 fs, repetition: 100 kHz).
Emission from a sample was detected with a monochroma-
tor (Jobin—Yvon, H-20 UV)-MCP photomultiplier (Hama-
matsu Photonics, C2773) set.

Total-internal-reflection (TIR) fluorescence spectroscopy
was performed by a system reported earlier [18,19]. Briefly,
a sample cell composed of a fused silica hemicylindrical
prism/matching oil/thin optical cell was firmly mounted on a
rotating stage. The refractive indices of the hemicylindrical
prism, the matching oil, the soda lime glass and the aqueous
solution are 1.458, 1.475, 1.52 and 1.33, respectively [18]. A
514.5 nm beam from an Ar' laser (Coherent, Innova 70,
~1 mW) polarized perpendicularly with respect to the
reflection plane was passed through a pinhole (400 pm)
and used for excitation. The beam at an incident angle of
0; was impinged to the glass/solution interface. Fluorescence
from a sample was detected at an angle 6, (observation
angle) with a polychromator-multichannel photodetector set
(PMA-11). The performance and reliability of the present
system were checked by using an aqueous rhodamine B
solution (0.3 mM) as a standard sample [18,19].

A TIR fluorescence intensity, Iy, is given by [19]

L
b= HFOPIFOE [ @ ew(-2)a
b P

where k is a proportional factor, and F(6;) or F(6,) is the
Fresnel factor for 6; or 8, respectively. L is the thickness of a
sample, and C(z) is a fluorescent probe concentration at a
distance z from the interface. d,, represents a penetration
depth of incident light and is a function of the wavelength of
incident light (), refractive indices of the glass (n;) and
solution (n,), and absorption index of a sample () [19]. The
Fresnel factors are expressed as a function of ny, ny, 6;, and x
[20]. The If value is expressed by Laplace transformation of
the concentration distribution of a probe in a sample as in
Eq. (D[20]. In the present study, we assume that C(z) is
expressed as an exponential profile as in Eq. (2)

C=Coexp(—7). @)
where & is a probe distribution parameter. A depth profile for

a probe concentration can be thus calculated from Eqgs. (1)
and (2) with & and k as parameters.

3. Results and discussion

3.1. Absorption spectroscopy

Fig. 1 shows absorption spectra of an aqueous PIC solu-
tion (6 mM) at room temperature determined at the positions
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Fig. 1. Absorption spectra of an aqueous PIC solution (6 mM) in a wedge
soda lime glass cell. (i) and (ii) show the cell positions for the
measurements. The spectra shown in (b) are those at around the J bands
observed in this study.

of (i) and (ii) in a wedge cell as illustrated in the inset of the
figure. The optical path length at (i) or (ii) was about 30 or
1.5 pm, respectively, and the distance between two positions
was about 25 mm. Beside the monomer (19200 cm ™) and
dimer bands (20 800 cm_l), a new absorption band ascribed
to self-organized J aggregates was observed at around
17300 cm™~'. However, the band position determined at
(i) was red-shifted compared to that observed at (i) as
clearly seen in Fig. 1(b). For simplicity, we attribute the
high (17340 cm™") and low energy J bands (17240 cm™ ")
as Ji; and Jp,, respectively. In addition to the band position,
the spectral line width (Av) of J;» (110 cm HWHM) was
narrower than that of J ; (130 cmfl).

The absorption spectrum of the J; | aggregate was similar
to that reported for stearic acid/PIC bromide LB films [21]. It
is noteworthy that the observed Ji; and J;, aggregates are
different from the well-known J aggregate observed in a
homogeneous PIC chloride solution (>~10 mM) at room
temperature (we refer this Jg aggregate), which shows a peak
energy at ~17450 cm™' with Av~70 cm ™', and vibronic
structures at the higher energy band edge. In a wedge cell
made of quartz glass plates, on the other hand, no J band was
observed at any positions in the cell (6 mM). The results
indicate that the Jy ; and Jp , aggregate formation is induced
by the surface of the soda lime glass. Since a soda lime glass
consists of a lot of exchangeable cations such as Na®, K™,
and Ca®", electrostatic interactions between the dye and the
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Fig. 2. Fluorescence spectra of the J; and Jy, aggregates.

anionic sites would facilitate Ji aggregate formation [22]. In
a wedge cell made of a borosilicate glass, moreover, the Ji ;
type band with a broad line width (peak: ~17400 cm™ ', Av:
130 cm™ ') was only observed at any position in the cell. The
surface of the borosilicate glass also has anionic sites due to
borate anions while the amount of dissolvable alkali-metal
ions was suppressed to ~20% compared to that for a soda
lime glass.” The results indicate that the J;; aggregate is
produced by adsorption and arrangement of PIC molecules
at the anionic sites of the glass surface, while the Ji,
aggregate is supposed to be grown due to the effects of
dissolved alkali-metal ions from the soda lime glass. Since
the line width of the J, band was narrower than that of Jy |,
it is reasonable to conclude that the size of the J , aggregate
is larger than that of J; | [8]. Indeed, it has been reported that
electrostatic interactions are important for J aggregate for-
mation in LB films [21]. Spatial distributions of the aggre-
gates in the soda lime glass cell are discussed later in detail.

3.2. Time-resolved fluorescence spectroscopy

Fig. 2 shows fluorescence spectra of the Jy; and Jy,
aggregates observed at the positions of (i) and (ii), respec-
tively. As a characteristic of a J aggregate, a Stokes shift is
scarcely observed, so that the fluorescence bands of J; ; and
J1» can be well resolved by varying the observation position
in the cell as seen in Fig. 2. Thus, in order to examine
exciton dynamics, time-resolved fluorescence measure-
ments were performed. Fig. 3(a) shows fluorescence decays
of the J; | and Jy , aggregates excited nearly at the absorption
peak (570 nm). In order to avoid exciton—exciton annihila-
tion, the excitation intensity was set as low as possible.
Under the present conditions, the excited lifetime of a PIC Jg
aggregate (~430 ps) agreed well with the reported value
(400 ps) [12]. The fluorescence decay curves of the J; ; and
Ji» aggregates were analyzed by single exponential func-
tions and the emission lifetime of Jy; (70,=38 ps) deter-
mined was faster than that of Ji, (71 ,=136ps). The
fluorescence quantum yields of the aggregates at room
temperature were estimated roughly to be ~0.03 for J,

ZProduction catalog of Matsunami Glass Industries.
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Fig. 3. Fluorescence decay profiles of the J;; and Jy, aggregates excited
at 570 (a) and 514 nm (b).

and ~0.08 for Ji 5. Thus, short lifetimes of the J; aggregates
are not due to excitonic superradiance, but to dominant
radiationless processes. The fluorescence lifetime of a J
aggregate adsorbed on solid surfaces is generally shorter
than that in a bulk solution [23]. Therefore, the difference in
the lifetime between the J;; and Ji, aggregates would be
ascribed to that in the structures of the PIC aggregates at the
glass/solution interface.

An excitation energy dependence of the fluorescence
lifetime for the J; aggregate was examined as the decay
profiles of J ; and J;, excited at 514 nm (the tail of the J
band) were shown in Fig. 3(b). The fluorescence from the
monomer was not observed under excitation at 514 nm. By
changing the excitation wavelength from 570 to 514 nm
(high energy state of the J1_band), 71 ; (75 ps) became longer
than that at 570 nm excitation while 77, was almost
unchanged (Fig. 3(b)). The results indicate that the Ji
aggregate possesses broad size- or structural-distributions.
Thus, excitation of the Jp; aggregate at a shorter wave-
length would lead to larger contributions of the longer
lifetime component in the aggregates. On the other hand,
the fluorescence lifetime of the J; , aggregate was indepen-
dent of the excitation wavelength, indicating the fluores-
cence decay is originated from a single emitting state. The
results suggest that the Jy, aggregate has narrow size- or
structural-distributions. More precisely, the aggregate is
made of coherently coupled molecules with a uniform size
and structural distribution. The J , aggregate is suggested to
be gradually ordered in accordance with growth of the
aggregate. Thus, the self-organized Jy; and Ji , aggregates
have different decay properties owing to the structural
differences.

3.3. Total-internal-reflection (TIR) fluorescence
spectroscopy

Since absorption and fluorescence lifetime measurements
suggested structural and/or morphological differences
between the Jy; and Jy , aggregates, it is worth studying a
spatial distribution of the J aggregate in the vicinity of the
glass/solution interface. Thus, we performed TIR fluores-
cence spectroscopy. Fig. 4 shows incident angle dependen-
cies of the Jp fluorescence intensities. No change in the
spectral band shape was observed for both J; and Jj,
aggregates at any incident angles. Since the critical angle
(6.) for TIR at the soda lime glass/solution interface is ~61°,
the data at 6;<6. and 0;>0. are those under the transmitted
and TIR conditions, respectively. The profile was quite
different between the Jp; and J;, fluorescence. For the
Ji1» aggregate, the fluorescence intensity was almost con-
stant at 6;<f. and decreased gradually at 6;>0., whereas that
for the Jy; aggregate increased sharply at 6;<f. and
decreased very gradually at 6;>60.. The results indicate that
the spatial distribution of the J aggregate is different
between Ji; and Jp,, and formation of the J;; aggregate
is suggested to be confined to the glass/solution interface.
Thus, simulations of the angular profiles in Fig. 4 were
performed with Egs. (1) and (2) as shown by the solid
curves. The best fits were attained with k=1.0x10"" and
h=2 nm for J; ;, and k=1.5x10"2 and #=300 nm for Jy,.
For the Jy , aggregate, the simulation reproduced satisfacto-
rily the observed data. In the case of the simulation for the
Jp1 emission, the angle profile was not influenced by a
variation of i at <2 nm in the region of 6;>6., so that h
was determined to be 2nm. However, a discrepancy
between the observed and simulated profiles was observed
at 0;>0. for the J;; aggregate. Furthermore, the Jy; con-
centration estimated from the obtained /4 and absorbance
was considerably higher than that from the obtained x value.
The results indicate that the estimation of % involves some
errors for Jp | probably due to a rough approximation model
in Eq. (2).> A possible reason will be an inhomogeneity of
the structures and/or distributions of Ji ; aggregate of PIC. It
should be mentioned that the & value is extremely small as
compared to the excitation wavelength. However, the TIR
emission of a high absorbing sample is now under consid-
eration, so that excitation is expected to confine to the glass/

3In the vicinity of a charged surface, an electric double layer is produced
toward the solution phase, and the potential normal to the surface is
expressed as a Debye—Hiickel formula which is an exponential function of
z similar to Eq. (2). Since the J;, aggregates is produced by the electrostatic
interactions between the glass surface and PIC molecules, the spatial
concentration profile of the aggregates (C) in the solution phase is assumed
to be expressed approximately by an exponential function of z. Another
probable model is a step function; C=C at 0<z<h and C=0 at h<z. In the
present case, both models provided quite similar results. Further
sophisticated model might fit the observed data for the Ji; aggregates.
However, the present results show clearly the difference in the spatial
distribution of the aggregates between Ji ; and Jy 5.
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Fig. 4. Incident angle dependencies of the total-internal-reflection (TIR)
fluorescence of the Jy; and Ji, aggregates. The solid curves represent
simulated ones on the basis of Eqgs. (1) and (2).

solution interface alone, rendering a high resolution for the
depth profile. The validity of the 4 value is now under
investigation by atomic force microscope (AFM) measure-
ments [24].

The Jy; aggregate is concluded to distribute only in the
vicinity of the glass surface with its thickness of <2 nm.
These results indicate that formation of the J | aggregate is
induced by interactions of PIC molecules with the soda lime
glass surface and is facilitated by self-organization of the
molecules. As a result, the Ji; aggregate is produced by
adsorption on the glass/solution interface. Such a character-
istic is different from that of a J aggregate observed in LB
films, where the aggregate is formed in a condensed phase
under a pressure. For the J;, fluorescence profile, on the
other hand, the simulation of the incident angle dependence
of the fluorescence was almost satisfactory. The obtained
parameter of #=300 nm indicates that the Ji, aggregate
formation takes place in a mesoscopic region in the vicinity
of the soda lime glass/solution interface. The result indicates
that the J aggregate is grown in a soda lime glass wedge cell,
as demonstrated by absorption measurements. This £ value
will be reasonable if the J aggregate possesses a hierarchical
structure in size as proposed recently [25]. The relation
between the excited decay dynamics and the hierarchical
structure of the J aggregate is also a very important problem
and worth studying in detail.

3.4. Radiationless channel of the J aggregate at the
glass/solution interface

The fluorescence quantum yield and lifetime of the Jj ,
fluorescence were larger than those of Jp;, so that the
radiationless process should be different between the Ji;
and Jy, aggregates. The h value of the Ji; aggregate was
smaller than that of the Ji,, indicating the interactions
between the aggregates and the glass surface are stronger
for Jy; compared to those for J;,. With decreasing the &
value, the contribution of the interactions to the distribution
region of the J aggregate in the solution phase increases.
Therefore, the radiationless transition rate in the J aggregate
interacted strongly with the solid surface is expected to

become faster. This is in marked contrast to radiationless
transition in the molecular adsorption state, since solute
adsorption often suppresses radiationless transitions of the
molecule owing to restriction of intra-molecular reorienta-
tion and diffusional collision with solvent molecules [26].
An intra-aggregate trap site which induces radiationless
processes is proposed as one of the nonradiative channels
for J aggregates [27]. Thus, we propose that the interface
between the J aggregate and the solid substrate acts as a trap
site which dominates the nonradiative channels.

In conclusion, absorption, time-resolved fluorescence,
and TIR fluorescence spectroscopies were shown to be a
potential means to characterize the structure and optical
properties of the J aggregate of the pseudoisocyanine dye.
The dye solution in a wedge optical cell consisted of a soda
lime glass showed two types of the self-organized J aggre-
gate (Jp; for the blue site and Jy, for the red site) with
different spatial distribution in the solution phase and optical
dynamics. The J; | aggregate was confined to the vicinity of
the glass/solution interface. The J, aggregate was sug-
gested to be grown in a mesoscopic region. We expect that
time-resolved TIR fluorescence spectroscopy and atomic
force microscope measurements will reveal further details
about the structure and excited state properties of the J
aggregates.
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