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Local reflection micro-spectroscopy of excitons in fibril-shaped
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Abstract

Results on microscopic reflection imaging and spectroscopy of fibril-shaped J-aggregates of pseudoisocyanyne dyes

prepared in thin film matrices of polyvinyle alcohol (PVA) are reported. We have found that formation of fibril-shaped

structures with sub-micron widths is also possible in PVA. Despite the aggregation mechanism should be different from

those in polyvinyl sulfate, reflection images and local spectroscopy show that the exciton–polariton characters are

basically similar in the two matrices. Anomalous polarization dependence is also observed in PVA and seems rather

strengthened.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aggregates of organic molecules are ordered
molecular assemblies with mesoscopic size and
shape and are different from molecular crystals:
they possess specific optical properties. Due to
these, aggregates play crucial roles in many
biological processes, such as photosynthesis, and
have great potential in technological applications
as linear and non-linear nanooptical materials.
Among organic dyes, cyanines can readily form
larger aggregated structures that consist of several
tens to hundreds of molecular units. This phenom-
enon has been observed as early as in the 1930s
[1,2] and the corresponding type of molecular

aggregates is referred to as J-aggregates. Their
characteristic narrow red-shifted spectral band (J-
band) has been explained by notion of delocalized
Frenkel exciton states in 1-D aggregates with large
coherent length [3–5]. This model has been later
confirmed by numerous experiments performed on
bulk samples of the original pseudoisocyanine
(PIC) dye and related compounds.
Only recently, however, have PIC aggregates in

a polymer film been studied with an optical
microscopic technique, the near-field scanning
optical microscope (NSOM) [6]. The images have
shown self-assembled structures of higher dimen-
sionality that resemble flexible fibers. The similar-
ity of a local fluorescence spectrum obtained with
NSOM at individual fibers with the bulk fluores-
cence suggested that the excitonic structure within
the fibers can be identified with the 1-D aggregate
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chain concepts. Later, reflection micro-spectro-
scopic study of a closely related system [7] revealed
large inhomogeneity of local optical properties of
the fiber-like aggregate nanostructures. High
reflectivity values, broadening of local reflectance
spectra and evolution of polariton modes are
indications of an onset of exciton–polariton
interaction in some aggregate nanostructures as a
result of increasing exciton–photon coupling. The
polariton-like character of local reflectance spectra
has also been correlated with the aggregate
morphology by a simultaneous reflection and
atomic force microscopic study [8]. Finally,
polarization microscopic experiments have shown
[9] that the transition dipole moment of the exciton
responsible for the main J-band (572 nm) can be
oriented at a wide range of angles, from parallel to
almost perpendicular, with respect to the long axis
of the fiber nanostructures. All these results have
posed questions on the nature of the nanostruc-
tures observed, on the role of the polymer in their
assembly, and on the character of the PIC J-
aggregates themselves.
We have attempted to address some of these

questions. We have performed reflection micro-
spectroscopic and polarization study of PIC-Cl
and PIC-Br aggregates in three different polymer
matrices: polyvinyl sulfate (PVS), polyvinyl alco-
hol (PVA) and polystyrene (PS) [10]. The mechan-
isms of J-aggregate formation in each of these
three matrices are different. In case of PVS,
aggregates are formed by electrostatic interactions
of the PIC cationic sites with the PVS anionic
groups of SO3

� [11,12]. In PVA, aggregates self-
assemble by cooling in concentrated aqueous
solution [1], while in PS they are formed by
precipitation from concentrated polar solution in a
non-polar solvent [1]. Despite these differences in
the formation mechanisms and the differences in
physical properties of individual polymers, such as
dipole moments and refractive indices, the re-
sulting data show growth of highly reflecting
self-assembled nanostructures with similar local
spectroscopic and polarization properties are
possible in all matrices studied under some limited
conditions.
If we inspect behaviors of these specific proper-

ties more in detail, e.g. in case of PVA, however,

there exist various distinctions, which we should
make verification carefully before deducing some
definitive conclusions. In this paper, we describe
intensively some of our recent microscopic ob-
servations in PIC-J fibrils in PVA films which are
prepared more carefully and show that the
fundamental findings are definitively not the
experimental artifact, which further confirms
peculiarities of the excitons and/or exciton–polar-
itons in fibril-shaped J-aggregates formed in the
polymer matrices.

2. Experimental

Preparation of the PIC/PVA system is based on
the method described in Refs. [13,10], but is
modified to some extent in preparation of the
polymer solution. Briefly, mother solution of PVA
is prepared at first with 5.26 g of PVA and 100ml
of purified water, i.e. 5wt%, and heated up to
about 1201C under elevated pressures higher than
1 atm. for about 30min. After complete dissolu-
tion of the polymer, the solution is slowly cooled
down to room temperature to be used as mother
solution. Typically 0.5ml of PVA mother solution
is diluted further by adding 1.5ml of water to
provide starting PVA solution. Then 3.65mg of
1,10-diethyl-2,20-cyanine chloride (PIC-Cl, Nippon
Kankoh Shikiso Kenkyusho) is added to the
stirring solution heated at above 931C and the
mixture was spin-coated at 3000 rpm on a cover
glass.
The method of reflection micro-spectroscopy

has been described in detail elsewhere [7,9]. Briefly,
light from a tungsten lamp and a 1.5m mono-
chromator is introduced into a large core optical
fiber and brought to an inverted reflection mode
microscope (Union Tokyo, � 100 oil immersion
objective, N.A. 1.25). Typical light intensity at the
sample is 1.2mWcm�2 at the J-band maximum.
Reflection images at specified wavelengths are
detected with a cooled CCD camera (PI; Penta-
MAX with Kodak KAF-1400 chip) and local
reflectance spectra are reconstructed from a series
of images by plotting the reflected light intensity at
certain location against the wavelength. The
polarization of the incident light is modified by
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rotating a sheet polarizer placed behind the
microscope collimator. The extinction ratio at
the sample position is typically 70:1. Polarized
reflectance data at specified wavelengths are
obtained by rotating the polarizer in increments
of 51 and recording a reflection image with the
CCD camera at each step. Local polarization
dependence is reconstructed by plotting the
reflected light intensity at certain location against
the polarizer angle. The data have been corrected
for the spectral and polarization characteristics of
the light source, optical fiber, microscope optics
and CCD camera. All experiments are done at
room temperature.

3. Results and discussion

Basic spectroscopic profiles of the present
sample are summarized in Fig. 1. Fig. 1(a) is the

bulk absorption spectrum measured with macro-
scopic conventional spectrophotometer. As shown
in the figure, sufficiently narrow J-band appears at
a wavelength of 572 nm, with a width of less than
10 nm and also typical structures at around 540
and 490 nm, all of which confirm the formation of
reasonable quality J-aggregates. In Fig. 1(b), PVA-
concentration dependence of the thickness of the
PVA film is shown, which demonstrates the
performance of the present procedures described
above. Film thickness of the present sample is
prepared at about 50 nm.
Typical microscopic reflection image of the PIC-

Cl J-aggregates in the thin film PVA is shown in
Fig. 1(c), which is obtained under non-polarized
and 572 nm wavelength light irradiation. The
image consists of highly reflecting fibril-like
structures on a background, similar to those
observed in PIC/PVS systems previously [6].
Though the shape of the selected portion, say

Fig. 1. Characteristics of PIC-Cl J-aggregates in thin film PVA. (a) Bulk absorption spectrum measured with UV-visible

spectrophotometer (JASCO, V-570); (b) relation between film thickness vs. concentration of PVS in aqueous solution in the

described procedures (see text). Thickness is measured with Dektak-2; (c) microscopic reflectance image of the fibril shaped structure

obtained with non-polarized light at 572 nm; and (d) local reflectance spectra obtained at locations 1–6 of (c).
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dumb-bell shape entangled, may seem to be
peculiar, it is done for the convenience of the
measurement of polarization dependence de-
scribed below. Fibril structures with roughly
similar morphology are commonly observed in
other scrolled portions of the sample. In Fig. 1(d)
local reflectance spectra are shown obtained at
respective locations of the image indicated by the
numbers in Fig. 1(c). The observed line-shapes are
already different from the simple exciton-like
reflectance peaks observed in low-reflectivity
structures of the PIC/PVS systems [7]. All of them
show typical indication of the onset of exciton–
polariton nature [7–9] and the threshold of the
onset on the reflectance seems to decrease, e.g. 0.1
or less compared with that of PVS systems.
In the present status of our sample preparation,

the thickness of the PVA films can be tuned almost
similar to those of the PVS films. Marked
difference observed in PVA systems, which can
be first ensured under such precise sample pre-
paration process, is that the background contribu-
tion is fairly large compared with those in the PVS
systems. In case of the latter, the contributions
from the background area are commonly very
small. Under non-polarized light illumination
shown in Fig. 1(c), the contrast ratio of the
background signal intensity to the reflectance
signals at fibril portions is in the range of 0.29–
0.22, which is almost one order of magnitude
larger than those in the PVS systems with similar
film thickness. Considering that the ratio of the
area occupied with the fibril structures in the
image is so small, bulk absorption spectrum
obtained with conventional method (Fig. 1(a))
totally comes from the contribution of the back-
ground. Thus we can conclude that PIC J-
aggregates are also formed on the background
area in PVA systems. Size of their aggregation is at
least below the spatial resolution of our micro-
scopy, i.e. 280 nm at l=570 nm [7].
Polarization experiments elucidate these pecu-

liarities in PVA systems more clearly. In Figs. 2(a)
and (b), reflectance images of the sample under the
irradiation of linearly polarized light at the
wavelength of 572 nm are shown; (a) for parallel
to the horizontal direction of the image and (b) for
vertical one, respectively. As can be seen in the

figures, each portion of the fibrils shows strong
selectivity to the direction of the polarization of
the incident light. Roughly speaking, local direc-
tions of the transition dipoles seem to be parallel
to the local direction of the long axis of the fibril
and its projection component parallel to the
incident light polarization is responsible for the
local reflectance intensity. Figs. 2(c) and (d) show
local reflectance spectra at respective positions
indicated by the numbers in Figs. 2(a) and (b),
respectively. Overall profiles of the spectra are
basically similar to those obtained under non-
polarized light irradiation (see Fig. 1(d)).
In order to elucidate the intrinsic behavior of

local exciton–polariton transition dipoles in the
fibril structures, it should be significant to inspect
the behaviors of local transition dipoles in the
neighboring are of the fibril structures, i.e. in
background area. In Fig. 2(c), typical examples of
reflectance spectra obtained at some background
portions (see Fig. 3(c)) are also shown. Interest-
ingly, while the width of the line is already to some
extent broadened to 13–14 nm, the lineshape and
its peak position are almost the same as those of
the exciton-like peaks observed in low reflectivity
structures of the PIC/PVS samples [7]. This fact
also confirms that J-type aggregated structures are
actually formed in the background area. As for
their morphologies there must be questions such as
to what extent coherent J segments are gathered
together or is it simply a group of individual
coherent J segments or smaller size of fibrils below
the microscopic resolution. For the moment we
anticipate that majority of the morphology of the J
in the background is not a simple coherent J-
aggregate segments but rather the smaller size of
fibril-like structures less than our microscopic
resolution, which can be partially evidenced below.
In Fig. 3, more detailed local polarization

dependences of the reflectivity under the linearly
polarized light illumination are demonstrated.
Fig. 3(a) shows directional distribution of the
transition dipoles at the respective portions of
the fibrils with linearly polarized incident light at
the wavelength of 572 and 540 nm. Black solid
bars correspond to the directions of the 572 nm J-
band and white bars to those of the 540 nm band.
Each direction is determined from the polarizer
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rotation angle dependence of the intensity of
respective local reflectivity at each location.
Typical examples of such profiles are shown in
Fig. 3(b), where similar type of result at location
b6 in the background area is also shown.
In Fig. 3(c), the results of such observations at

572 nm J-band in the background area at locations
b1–b7 are shown by the black bars. Length of the
each bar is proportional to their relative signal
intensities. The most notable point is that the
directions are almost parallel to each other and
their sizes are also similar within factor of two.
This clearly indicates that the distribution of the J-

aggregates in the background is fairly homoge-
neous and in particular they are aligned along the
specific direction on the image: it is about 201
clockwisely rotated from the polarizer 01 direction.
This point may also be supported by the fact that
the observed directional dependence of the back-
ground dipole at b5 becomes almost zero around
1101 as is seen in Fig. 3(b).
Once the existence of the unidirectional back-

ground transition dipoles is evident, the observed
dipoles at the fibril sites shown in Fig. 3(a) can also
be affected due to the local coexistence of the
matrix polymer film above (or under) the fibril

Fig. 2. Reflection micro-spectroscopy of PIC-Cl J-aggregates in thin film PVA under linearly polarized light at the wavelength of

572 nm; reflection images obtained with (a) horizontally polarized light and (b) vertically polarized one, respectively. Arrow indicates

the direction of the incident light polarization, respectively. Background contribution is clearly higher in case of horizontal polarization

light (a) than in vertical one (b). Local reflectance spectra obtained at respective locations 1–6 and B of (a) and 1–6 of (b), respectively.
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structures. Assuming the thickness of the film
overlapping the fibril structure is less than or at
least same to the background area, this contribu-
tion can safely be estimated as in the order of the
average dipole mentioned above. A procedure to
correct the observed local transition dipole ~PPob by
the averaged background contribution ~PPbg is
schematically described in Fig. 3(d), where ~PPob

and ~PPbg are driven by the external optical field ~EE e

in phase each other for simplicity. Final results are
shown in Fig. 3(c) by the broken white bars. As
can be seen in the figure, the effects of correction
are not so large and the basic features observed are
conserved. Thus we can safely conclude as follows;
First, in the fibril structures of PIC/PVA systems
the excitations of exciton–polariton nature also

Fig. 3. Local polarization dependence of PIC-Cl J-aggregates in thin film PVA system at wavelength of 572 and 540 nm; (a) local

directions of transition dipoles of J-band (at l=572nm, black bars) and those at l=540nm band (white bars). (b) Typical examples of

polarizer rotation angle dependences of local reflectivity at locations indicated by numbers. Curve for b5 is an example of the

contribution at the background (see (c)). From the maxima of the curves the directions are determined. Polarizer angle is measured

from the direction indicated in (a). (c) Local directions of the transition dipoles at l=572nm as observed (black bars) and those

corrected by the contribution of the background (white-dotted bars). Arrow indicates radial direction of the rotation of the spin

coating. (d) Schematic description for the correction by the background. Contributions of the background are inspected at locations

b1–b7 and their directions and intensities are separately averaged.
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exist as in PVS systems and they appear from
fairly lower reflectance threshold. Secondary in the
background there also exist fairly uniform J-
aggregates distribution, the structure of which is
characterized by the unidirectional orientation
over macroscopic area. The origin of this align-
ment can be flow-induced microscopic orientation
during the spin-coating process. In Fig. 3(c), radial
direction of the rotation of the spin-coating is also
indicated by the arrow.
As is described in Ref [10], in the light of the

different J-aggregate formation mechanisms, at
least between PVS [14,15] and PVA, the observa-
tion of similar fibril-like nanostructures with
compatible optical properties seems as surprising.
This may indicate that the polymer itself is not
structurally involved in the growth process and
that the model [16] according to which individual
1D PIC/PVS complexes bind together by an ionic-
nature bonding mechanism to form alternating
PIC/PVS layers that eventually comprise the
observed aggregate fibers may not be universally
valid. Formation of the smaller size of nanostruc-
tures with rather dense concentration in PVA
system seems to reconfirm this. Polarization
reflection experiments provide evidence again that
the fibril structures are not simply aligned 1-D
threads of J-aggregates. While at this stage there is
still no evidence for constructing concrete model of
the molecular arrangement of PICs and polymers
inside the fibril structures, it is definitely different
from 1-D aggregate chain as well as bulk crystal
state. Existence of the observable offset of the

exciton–polariton dipole itself is even mysterious
[17].
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