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The role of cellulose acetate as a matrix for aggregation of
pseudoisocyanine iodide: absorption and emission studies
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Abstract

Films of pseudoisocyanine iodide in a cellulose acetate matrix were prepared by spin coating and characterized by
UV/Vis absorption and fluorescence spectroscopies. The comparison with self-supported films of the same dye
enabled analysing the role of the matrix in the aggregation of pseudoisocyanine iodide ([PIC]I). It was proved that
cellulose acetate is a suitable support for [PIC]I J-aggregates, which form during spinning, as shown by a very sharp
J-band in the absorption spectra. This indicates a perfect coherence between stacked monomers in the supported
J-aggregates. It was possible to individualize the emission spectrum of [PIC]I J-aggregates in cellulose acetate, by
decomposition of the steady-state fluorescence spectra of the films. The dependence on the excitation wavelength of
the relative emission intensities of monomers and J-aggregates, for � em=587 nm, lead to confirm that the latter
species have an absorption maximum at �500 nm in cellulose acetate. Finally, polarised absorption spectra of films
obtained by the vertical spin coating technique showed that cellulose acetate allows a partial orientation of
J-aggregates. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyanine dyes and, particularly, their J-aggre-
gates play an important role in spectral sensitisa-
tion, and therefore in the photographic industry
[1,2]. This has triggered the extensive research
developed on these species along this century.
Recently, J-aggregates have attracted considerable
attention for optical communications systems,

based on their non-linear optical properties that
arise, namely, from a giant oscillator strength and
excitonic coherence [3–5].

The formation of J-aggregates of cyanine dyes
in aqueous solution has been observed by Jelley
and Scheibe nearly 60 years ago [6,7]. They found
that, for concentrations above 10−2 M, an ex-
tremely intense and narrow (half-width 180 cm−1)
absorption band occurs at longer wavelengths
than the monomer (572 nm, compared to 525
nm), and that its spectral position is independent
of the concentration. This ‘J-band’ is associated
with the transition of excitons, delocalised over an
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aggregate by coherent dipolar intermolecular in-
teractions. For intermediate concentrations, it is
common to observe an intensity increase of a
band at lower wavelengths (500 nm), which has
been assigned to dimmers or H-aggregates [1,8–
10].

From a scientific point of view, the understand-
ing of the aggregates physical properties presents
a great challenge, as these species bridge the gap
between a single molecule and a crystal. The
structure of J-aggregates, as well as their aggrega-
tion number, has been a matter of discussion in
the literature [11–14]. However, the relation be-
tween their spectroscopic features and molecular
packing is not completely established yet. There-
fore, detailed studies concerning the modelling of
the absorption and emission spectra of J-aggre-
gates that contribute to a better band assignment
are of utmost interest [15]. In frozen solutions
(low temperature glasses), steady state and time
resolved spectroscopy studies have been of great
help to clarify the structure of these aggregates
[16,17]. Recent atomic force microscopy (AFM)
pictures revealed that J-aggregates in a mica/solu-
tion interface may have a three-dimensional leaf-
like island structure and that they grow by a
Volmer–Weber type process [18,19]. The proper-
ties of cyanine J-aggregates in aqueous solutions
are still the focus of a number of works, since they
can form anisotropic structures under specific
conditions [14]. However, solid-state materials are
needed for electronic devices and therefore the
production of thin films of these species has been
attempted in a variety of substrates. Polymeric
matrices, such as polyvinylalcohol [20],
polyethyleneglycol, polymethylmethacrylate or
polyvinylpyrrolidone [21] have been found
adequate.

In order to use the additional information on
organic devices that may be provided by polarised
light, it is necessary to orient the molecules in
large-scale supermolecular assemblies [22]. The
Langmuir–Blodgett technique is a possibility, but
it is restricted to amphiphilic molecules (or mix-
tures) that can assemble by lateral interactions
between hydrophobic chains [23,24]. Other tech-
niques include spin coating [21,22] where radial
orientation is achieved due to the centrifugal

force. In order to obtain a linear orientation of
J-aggregates, suitable for dichroism studies, a dif-
ferent type of spinning technique has been devel-
oped by Misawa et al., denoted vertical spin
coating [20].

It is the aim of this work to investigate the role
of cellulose acetate as a support for preparing thin
films containing 1,1�-diethyl-2,2�-cyanine J-aggre-
gates. This system is promising from the point of
view of the matrix, since cellulose acetate is
biodegradable [25], which is important in a time
where solid waste management and environmental
problems are emphasised. It has advantages over
other polymers, namely polyvinylalcohol, which is
biodegradable but undergoes a very limited min-
eralizaton in solid mixtures (this property is essen-
tial for an efficient composting treatment).
Therefore, the spectroscopic characterization of
J-aggregates in environmental compatible poly-
mers is welcome. The aggregation conditions were
compared to those of self-supported thin films of
the same dye, obtained by the same technique.
Cellulose acetate with an acetylation degree of
2.45 was chosen, as it is soluble in water/organic
solvent mixtures [26]. The films were characterized
by UV/Vis absorption and fluorescence spectro-
scopies. The fluorescence spectra of J-aggregates
at different excitation wavelengths were obtained
by decomposition of the total fluorescence spec-
tra. The dependence on the excitation wavelength
of the relative emission intensities of the
monomers (I f

M/I), the J-aggregates (I f
J/I) and

monomer to J-aggregate ratio (I f
M/I f

J) have been
interpreted in terms of a simple kinetic scheme.
This allowed improving the assignment of the
absorption spectrum of J-aggregates in cellulose
acetate. Partial alignment of these species was
attained using the vertical spin coating technique.

2. Experimental

Pseudoisocyanine iodide — [PIC]I — (Scheme
1) was supplied by Sigma, in the highest purity
available, and was used as such.

Cellulose acetate with an acetylation degree of
2.45 was obtained from Eastmann Kodak. Aceto-
nitrile was purchased from Merck and potassium
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iodide from Pronolab. All the materials were
reagent grade and were used without further
purification.

Two identical precursor solutions, A and B,
were prepared with a high concentration in [PIC]I
(1×10−2 M), 5% (w/w) in cellulose acetate and
0.3% (w/w) in water, using acetonitrile as solvent.
KI was added to solution B, for a final concentra-
tion of 5×10−2 M. Solutions C and D were
prepared with exactly the same compositions as A
and B, respectively, but without cellulose acetate.

The films were prepared on circular glass sub-
strates by spin coating, using a Photo-Resist spin-
ner Model-1-EC101DT-R485, Headway Research
Inc. An excess amount of solution was placed on
the substrate, in order to avoid any influence of
this parameter on the final thickness [27]. An
angular speed of 2000 rpm for 120 s was used to
guarantee the drying of the films. During spin-
ning, solution A did not exhibit colour alter-
ations, whereas solutions B, C and D changed
from dark red to violet. In a systematic study
described elsewhere [28], it has been proved that
5% was an adequate polymer concentration in
order to obtain �1 �m thick, resistant films. The
films produced using solutions C and D as precur-
sors were much thinner, as would be expected in
the absence of a polymeric matrix.

In order to obtain films with oriented J-aggre-
gates, an accessory for vertical spin coating was
home-built and adapted to the same spinner. In
this case, rectangular substrates (2×3.5 cm) were
used. For this purpose, cellulose acetate concen-
tration in the precursor solutions was increased to
9% (w/w) and the rotation speed reduced to 500
rpm.

The absorption spectra of the dye solutions and
films were scanned in a double-grating UV/Vis
spectrophotometer Jasco-V560, with 0.2 nm band-

width, at room temperature. Two calcite polaris-
ers were adapted to perform the linear dichroism
studies.

The steady-state fluorescence spectra were ob-
tained with a SPEX-Fluorolog 112 spectro-
fluorimeter in right angle geometry, at room
temperature.

3. Results and discussion

The absorption spectra of solutions A–D are
compared to those of the corresponding spin
coated films in Fig. 1. The solutions’ spectra
(dashed lines) are all similar to the well-known
cyanine monomer absorption spectrum [1,8], with
vibronic maxima at 525 and 492 nm and a shoul-
der at 465 nm. By normalization of the four
solutions’ spectra, it was apparent that the relative
intensities and positions of the components are
insensitive to the microenvironment. These spec-
tra confirm that PIC iodide does not aggregate in
solution for any of the compositions used.

The spectra of the corresponding films (solid
lines) show important differences. The more strik-
ing is the very intense and sharp peak observed at
�580 nm in spectra 1B, 1C and 1D, which is
characteristic of an excitonic state delocalized
over J-aggregates. These are composed of stacked
molecules in perfect coherence, and may form
upon spinning, in different conditions. The colour
change observed during spinning of solutions B, C
and D was a qualitative indication that the aggre-
gation process was taking place. In the absence of
the polymeric matrix (spectra 1C and 1D), the
J-peak is very strong, whether KI is added to the
solution or not. In cellulose acetate, however,
J-aggregates form only when the ionic salt’s con-
centration in solution is high (spectrum 1B). In
fact, in the absence of KI (spectrum 1A), the
J-band is reduced to a trace. These results are
parallel to those observed for the same dye dis-
persed in polyvinylpyrrolidone [21]. It is thus pos-
sible to obtain J-aggregates of pseudoisocyanine
iodide in cellulose acetate films. However, we are
aware that cellulose acetate is a difficult matrix
when aggregation of the dye is pursued, as the
strong interactions between cellulose acetate

Scheme 1. 1,1�-diethyl-2,2�-cyanine iodide (pseudoisocyanine
iodide).
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Fig. 1. Absorption spectra of solutions A–D (dashed lines) and of the corresponding films (solid lines). Compositions: [[PIC]I]=1×
10−2 M in acetonitrile; solutions A and B contain 5% (w/w) of cellulose acetate; solutions B and D contain, in addition, KI
(5×10−2 M).

chains restrain the pseudoisocyanine monomers
from approaching. The role of KI in stimulating
aggregation may be understood taking into ac-
count the salt’s remarkable effect on the structure
of pure cellulose acetate films, previously character-

ized by FTIR [29]. The salt is responsible for
breaking most of the intra and inter-chain hydro-
gen bonds, leaving a large percentage of ‘free’ OH
groups. Consequently, the distance between chains
and their stretchability are highly increased.
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In the case of PIC bromide, it has been proved
that the spectrum of J-aggregates dispersed in a
polyvinylalcohol film at 5 K includes two higher
energy bands, at 498 and 534 nm. Their origin has
not been completely clarified, but, in oriented
J-aggregates, they show a different polarisation
dependence from the ‘J-band’ [20]. Similarly, the
two broad bands observed at 504 and 530 nm in
spectrum 1B might result from the superposition
of PIC iodide J-bands with those of residual
monomers. In the corresponding self-supported
PIC iodide film (spectrum 1D), these bands are
slightly red shifted, respectively to 512 and 548
nm, probably due to stronger ion–dipole and
dipole–dipole interactions. In the absence of KI
(spectrum 1C), these bands appear to be more
shifted, but this is probably just a masking effect
due to the broadening of the ‘J-band’. Their rela-
tive intensities approach those observed in spec-
trum 1A, which is consistent with a larger amount
of residual monomers than in the corresponding
films with KI. Spectra 1C and 1D resemble those
of PIC chloride J-aggregates in thin layers [22],
respectively in the absence and in the presence of
intercalation water. The narrowing of the J-band
in spectrum 1D might be explained by a better
organization of the dye molecules in the aggre-
gate, but not involving significant changes in the
monomers central chain conformation, as previ-
ously shown by FTIR results [29].

The corrected steady-state fluorescence spectra
of a film prepared from solution A (with just a
trace of J-aggregates), at different excitation
wavelengths, are shown in Fig. 2. The emission
band is centred at 609 nm, with a shoulder at 690
nm. The normalization of these spectra at 609 nm
showed that the band shape does not depend on
the excitation wavelength, which leads to the con-
clusion that there is only one absorbing and emis-
sive species, the monomer. The fluorescence
intensity increases as � exc varies from 440 to 520
nm, reflecting the absorption spectrum (Fig. 1A).
The corresponding fluorescence spectra of a film
prepared from solution B (containing mostly J-ag-
gregates) are shown in Fig. 3A. The emission
maximum occurs at 587 nm, as would be expected
for the typical resonance fluorescence of J-aggre-
gates [1,8–10]. However, the bands are broad,

with a shoulder at 690 nm, reflecting a combined
emission from monomers and J-aggregates. The
fluorescence spectra of J-aggregates in cellulose
acetate were obtained by subtracting each spec-
trum in Fig. 3A from the corresponding one (for
the same � exc) in Fig. 2, after normalization at 690
nm. An example of this procedure is shown in
Fig. 4 for � exc=440 nm, where curve b is the
calculated spectrum of the J-aggregates. It shows
the characteristic narrow resonance band
(FWHH�23 nm, at room temperature) plus a
higher energy shoulder, possibly due to a second
type of J-aggregates in a minor concentration.

The fluorescence spectra of two self-supported
films (prepared without cellulose acetate), for
� exc=520 nm, are shown in Fig. 3B. The shift to
�600 nm in the maximum emission intensity,
observed whether KI was added to the precursor
solution or not, was attributed to self-absorption
by J-aggregates. In fact, the concentration of J-ag-

Fig. 2. Fluorescence spectra, at several excitation wavelengths,
of 1,1�-diethyl-2,2�-cyanine iodide dispersed in cellulose acetate
films, obtained by spinning of solution A: (a) �exc=440 nm;
(b) �exc=460 nm; (c) �exc=480 nm; (d) �exc=500 nm; (e)
�exc=540 nm; (f) �exc=520 nm.



R. Brito de Barros, L.M. Ilharco / Spectrochimica Acta Part A 57 (2001) 1809–18171814

Fig. 3. (A) Fluorescence spectra, at several excitation wavelengths, of 1,1�-diethyl-2,2�-cyanine iodide dispersed in cellulose acetate
films, obtained by spinning of solution B: (a) �exc=440 nm; (b) �exc=460 nm; (c) �exc=480 nm; (d) �exc=500 nm; (e) �exc=540
nm; (f) �exc=520 nm; (B) Fluorescence spectra of self-supported PIC iodide films, prepared from solutions C (dashed line); and D
(solid line), at �exc=520 nm.

gregates in these films is very high, due to the
absence of the polymer. The band at �700 nm,
assigned to the monomer emission, is particularly
intense in the spectrum of the film from solution
C, which is consistent with the analysis of the
absorption spectrum. The decomposition of these
spectra was not feasible, since in the absence of
the polymeric matrix it was not possible to avoid
aggregation.

As a first conclusion, cellulose acetate seems to
constitute a good support for the J-aggregation of
pseudoisocyanine iodide. The dilution of J-aggre-
gates in the matrix allows eliminating self-absorp-
tion from the fluorescence spectra and therefore
the characteristic resonance emission of J-aggre-
gates may be observed.

Assuming that an excited monomer may diffuse
in the matrix, occasionally reaching one J-aggre-
gate during its lifetime, and given the overlap
between the monomer emission and the J absorp-
tion band, the overall absorption/emission process
may be approached by a simple Stern–Volmer
kinetics:

M �
xI

M*

M* �
k

f
M

M+h�

M* �
k

NR
M

M

M*+J �
kET

M+J*

J �
yI

J*

J* �
k

f
J

J+h�

J* �
k

NR
J

J (1)

M and J denote the ground state of the
monomer and the J-aggregate, while M* and J*
refer to the respective excited states; xI and yI are
the fractions of incident light absorbed by the
monomers and J-aggregates, respectively; kf and
kNR denote the rate constants of radiative and
non-radiative processes, with the superscript M
indicating the monomer and J the aggregate; kET

stands for the rate constant of the energy transfer
process from M* to J. Applying the steady-state
hypothesis to the intermediate species M* and J*,
the following equations are obtained for the emis-
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sion intensities of the monomer (I f
M) and of the

J-aggregate (I f
J), normalized to the total light in-

tensity absorbed (I) at a given � exc:

I f
M

I
=

k f
Mx

k f
M+kNR

M +kET[J ]
(2)

I f
J

I
=

k f
JkETx [J ]+k f

Jy
(kNR

J +k f
J)(k f

M+kNR
M +kET[J ])

(3)

Therefore, both x and y affect the relative fluores-
cence intensity of the J-aggregates.

The monomer to J-aggregate fluorescence inten-
sity ratio, I f

M/I f
J, is given by:

I f
M

I f
J =

(kNR
J +k f

J)k f
Mx

k f
JkETx [J ]+k f

Jy
=

(kNR
J +k f

J)k f
M

k f
JkET[J ]+k f

J(y/x)
(4)

This ratio has an absolute maximum when the
J-aggregates do not absorb (for y=0) and then it
becomes invariant with � exc. This is not the case
for � exc between 440 and 520 nm, as shown in Fig.

Fig. 5. Relative fluorescence intensities at �em=587 nm, as a
function of �exc: �, (I f

M/I); �, (I f
J/I); �, (I f

M/I f
J).films were

prepared from solution B.

Fig. 4. Fluorescence spectra (normalized at 690 nm), obtained
for �exc=440 nm: (a) film containing just monomers (pre-
pared from solution A); (c) film containing monomers and
J-aggregates (prepared from solution B); (b) calculated spec-
trum of J-aggregates in cellulose acetate.

5, where the ratios I f
M/I, I f

J/I and I f
M/I f

J at � em=
587 nm (obtained from the decomposition of the
fluorescence spectra) are plotted versus � exc.
Therefore, the J-aggregates of pseudoisocyanine
iodide in cellulose acetate films absorb in the
wavelength range between 440 and 520 nm. In
particular, since xI has a maximum at �500 nm,
the minimum of I f

M/I f
J observed for this � exc may

be understood only if yI has also a maximum at
500 nm. This enables assigning the band at �500
nm observed in the absorption spectra of the
cellulose acetate films containing J-aggregates
(Fig. 1B) to both monomer and J-aggregates.
Misawa et al. [20] and Nüesch et al. [30] have
observed the same type of absorption, respectively
for [PIC] bromide in PVA and for a merocyanine
dye dispersed in Al2O3. A parallel discussion
could be made for the absorption band at 530 nm.
The nature of the J-aggregate absorption bands at
�500 and at 530 nm is not clear, as they may be
vibronic components of the S1�S0 transition or,
alternatively, transitions to a higher electronic
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state that would further convert non-radiatively
to S1. The different polarisation of these bands
observed by Misawa et al. in PVA [20] suggests
that the second hypothesis is more probable.

3.1. Orientation of the J-aggregates

Polarised UV/Vis absorption spectroscopy was
used to study the orientation of the J-aggregates
in cellulose acetate films prepared by vertical spin
coating. The influence of the precursor solution’s
composition on the alignment of the J-aggregates
was studied in detail. The best results were ob-
tained for highly viscous solutions (more than 9%
in cellulose acetate), and for an angular speed as
low as 500 rpm. Fig. 6 shows the absorption
spectra of a film prepared from a precursor solu-
tion with the above composition, obtained for
three polarisation directions (0°, s-polarisation, 45
and 90°, p-polarisation). The band at 581 nm

shows a clear dichroism, increasing significantly
for s-polarisation. This indicates that there is an
anisotropy of the transition dipoles of the J-aggre-
gates and therefore a parallel alignment of these
species. Since the intensity of this band is still
significant when the polarisation is perpendicular
to the alignment direction, aggregates randomly
dispersed must be present as well. It is important
to realize that small aggregates are not signifi-
cantly influenced by the centrifugal force, and
consequently are not oriented by this deposition
technique. On the contrary, large aggregates or
macroaggregates should align in the direction par-
allel to that force. The higher energy bands are
almost insensitive to the light polarisation at
room temperature, which may indicate that they
are mostly due to non-oriented J-aggregates and
residual monomers.

4. Conclusions

Films containing J-aggregates of pseudoisocya-
nine iodide supported in cellulose acetate were
obtained by spin coating onto glass substrates,
and characterized by UV/Vis absorption and
fluorescence spectroscopies. It was shown that
coherent J-aggregates of this dye may be obtained
in this matrix, using acetonitrile as solvent and a
high concentration of KI. The presence of this salt
is not fundamental for the aggregation of PIC
iodide in self-supported films. The small width of
the J-band indicates a high excitonic coherence,
revealing that cellulose acetate is a suitable matrix
as a support for J-aggregates, with environmental
advantages over other polymeric matrices. Be-
sides, it seems adequate for supporting mixtures
of [PIC]I with other dyes when the emission and
energy transfer performances are relevant, since
the decrease in the self-absorption of J-aggregates
allows observing their characteristic resonance
fluorescence. The emission spectra of J-aggregates
in cellulose acetate were calculated by decomposi-
tion of the fluorescence spectra and the results
were used to confirm the band assignments in the
absorption spectra of these species. It was shown
that J-aggregates have an absorption maximum at
�500 nm. Polarised absorption spectra of verti-

Fig. 6. Polarised absorption spectra of a film produced by
vertical spin coating: 0° (s-polarisation — line a), 45° (line b)
and 90° (p-polarisation — line c). Composition of the precur-
sor solution: 1×10−2 M in [PIC]I, 5×10−2 M in KI and 9%
(w/w) in cellulose acetate.
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cally spin-coated films showed that they contain
some oriented macroaggregates, as well as a large
amount of small J-aggregates, randomly dis-
persed. Oriented J-aggregates in cellulose acetate
are obtained only when highly viscous solutions
and low spinning speeds are used.
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