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From spontaneously formed aggregates to J-aggregates of photochromic
spiropyran
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Abstract

Nitrospiropyrans form spontaneously aggregates in aliphatic solvents at room temperature. During solvent evaporation and simultane-
ous exposition of photochromic solution to UV irradiation, blue crystalline ‘‘particles’’ are abundantly formed within several seconds
without any decomposition side effect. Their size can reach dimensions equal to tens of microns depending on the concentration or may
form continuous film depending on the substrate surface pre-treatment. Pure solid samples of merocyanine isomer were investigated using
UV–VIS, fluorescence and IR spectroscopy. It was found that the structure of aggregate was influenced by the interactions induced by the
presence of the nitro-group in spiropyran. The deposition method applied in our studies consisting in fast evaporation of photochromic
solution during irradiation allows one to selectively control the formation of molecular assemblies by changing a solvent, substituent on

Ž .spiropyran molecule, preparation conditions i.e., temperature, concentration or substrate. Since merocyanine isomer exhibits the
appropriate molecular symmetry, such aggregates can be used as NLO material. Its thermal stability, good optical properties and the ease
of formation suggest that the films can be used for optical memory. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Photoinduced aggregation of dye is an attractive phe-
nomenon because it allows obtaining materials exhibiting
interesting properties for modern technology, such as sec-
ond-order NLO, as well as particular photophysical be-
haviour. Photochromism in spiropyrans can also lead to

w xaggregation 1,3–5 . The transformation of spiropyran
Ž .molecule Sp upon UV irradiation into merocyanine iso-

Ž .mer Mc brings about substantial structural changes of the
photolyzed initial form. The conversion is evidenced by
photochromic effect and enhancement of the dipole mo-
ment related to coloured merocyanine isomer.

‘Quasi-crystals’ formed on prolonged UV irradiation in
hydrocarbon solution constitute one type of spiropyran
associates. The decanted supernatant consists of crystalline
core and amorphous envelope, which comprise different

w xSp rMc complexes 1 . Quasi-crystals have macroscopicn
w xelectric dipoles and exhibit optical nonlinearity 2 . Larger
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aggregates are also observed for nitrospiropyrans consisted
of Mc conformers that can exist by co-ordination via NO2

w xsubstituent in the aci-nitro structure 3 . Another type of
organisation occurs in LB films of spiropyran with long
alkyl substituent mixed with different aliphatic compounds
w x4 . Deposition process produces arrangement of chro-

Žmophores in more precisely defined J-aggregates head-
. Ž .to-tail interaction , H-aggregates side-by-side interaction

or intermediate I-aggregates, depending on the substrate
w xand heat treatment 5 .

We report here on the spontaneous formation of the
aggregate of merocyanine isomer in nonpolar solution
under UV illumination of the parent Sp isomer during
solvent evaporation. This process may also very efficiently
produce highly organised associates, arranged in J-aggre-
gates, when it is additionally induced by the surface treat-
ment of the substrate. Dimension of spontaneous aggre-
gates formed in this way may range up to tens of microns
depending on the concentration of spiropyran in the sol-
vent used. This behaviour is essentially very similar to that
already reported for LB films. The molecular arrangement
in thus formed aggregates as well as their spectral proper-
ties was determined by UV–VIS and IR spectroscopy.
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2. Experimental details
X X X w1-Hexadecyl-3 ,3 dimethyl-6-nitrospiro 2 H-1-benzo-

X x Ž .pyran-2,2 -indoline Sp was obtained by condensation of
a corresponding Fischer base and a salicylaldehyde. Purifi-
cation was achieved by column chromatography on silica
gel eluted with benzene and recrystallized from ethanol.
Both NMR and mass spectrometry analysis confirmed the
expected structure of this compound.

The spiropyran solid films were prepared from concen-
Ž y2 .trated ;10 M solutions of Sp in n-hexane. Approxi-

mately 0.1 ml of solution was spread at room temperature
Ž .onto substrate quartz or KBr plates and immediately

exposed to UV irradiation from fluorescent lamp of low
Ž .intensity with the maximum at 350 nm . The UV irradia-

Ž .tion ;15 s coagulates and precipitates photoinduced
merocyanine aggregates during the solvent evaporation.
Then the cast films were washed with hexane several times
to dissolve possibly unreacted parent spiropyran molecules
from the surface of the sample. Two types of solid samples
were obtained by irradiation of hexane solution. Aggre-

Žgates prepared on clean substrate we will term them
spontaneous aggregates as will stem from spectroscopic

.studies form deep-blue islands of microcrystals as was
observed under the optical microscopy. We noticed that
the use of hydrocarbons homologues with short aliphatic
chain length facilitates diffusion of polar Mc moieties and
leads to efficient aggregation. Oppositely, in solution that
is more viscous, e.g., in dodecane, separated Mc species

Žare mainly observed. Second type of the samples having
.mostly J-aggregates was prepared in two-stage deposition

process: the next casting procedure was performed on a
rubbed substrate with Mc material obtained at the first
photoaggregation. Aggregates prepared in this way display
large area of a blue continuous film. Size of merocyanine
aggregates depends on concentration of spiropyran in stock
solution. However, in any case they exhibit homogeneous
crystalline morphology in all orientations relative to the
polarises, as has been found using polarising microscope at
100= magnification. Both the solvent and substrate prepa-
ration influence the morphology of the precipitated film.

UV–Vis absorption spectra were recorded with a
Hewlett Packard diode array spectrophotometer model HP
8453. Fluorescence spectra were obtained with Perkin-
Elmer LS-50 luminescence spectrometer equipped with
front face accessory. IR spectra were collected with an ITI
Mattson Infinity FTIR spectrometer and Quantmm Infrared
Microscope with a resolution of 2 cmy1. The final spectra
resulted from averages of 128 interferogram.

3. Results and discussion

3.1. UV–Vis absorption and emission spectra of merocya-
nine solid samples

Preparation of a substrate influences the morphology of
the precipitated film. The differences between the two

types of spiropyran samples, as observed under microscope
and described in Section 2, are reflected in spectral proper-
ties. Fig. 1 shows absorption spectra of the solid Mc films.
Curve 1 presents the absorption spectrum of Mc aggregate
prepared from n-hexane on a clean substrate, while curve
2 presents the spectrum of the Mc on a rubbed substrate.
The absorption band of spectrum 1 lying in a visible
domain is broadened relative to spectrum 2, which has a
very intense maximum characteristic for formation of J-ag-

Žgregates. Although the positions of spectral futures a
.maximum at 617 nm and a shoulder at 571 nm are the

same as in n-hexane solvent after UV illumination for both
samples, they do differ by relative peak intensities. The
former spectrum corresponds to spontaneous formation of
merocyanine dyes and contains both monomeric Mc forms
and variety of Mc associates. This we will term as sponta-
neous aggregate sample. The latter is similar to those
previously reported for optical properties of photochromic

w xspiropyran in Langmuir–Blodgett films 4 and is mainly
composed of J-stacks of Mc molecules.

An experimental shift in energy between the monomer
Ž . y1a shoulder at 571 and aggregate amounts to 1300 cm ,
which means that the unit of the merocyanine J-aggregate

w xis composed of a pair of Mc molecules 6,7 . The linearly
polarised absorption spectra of J-stacks did not reveal any
dichroism and indicates that the Mc molecules are ran-
domly oriented on the rubbed substrate.

Fig. 2 shows the fluorescence spectra of merocyanine
related to the same samples as discussed in absorption
studies. Excitation of spontaneous aggregates at 390 nm
gave an orange and a red fluorescence with two separated
maxima at 580 and 656 nm. When the sample of a
J-aggregate was irradiated at 420 nm, broad and multiple
emission peaks with a maximum at 624 nm was obtained.
This spectrum transforms to one peak fluorescence in the

Ž .longer wavelength region 645 nm when the sample was
UV excited by 370 nm UV light. A peak at 624 nm is

w xattributed to the J-aggregates 3 . Thus, two bands at the
red side of luminescence are thought to be due to the
presence of inhomogeneous aggregates contained within
the films. The emission band at 580 nm is ascribed to
monomer fluorescence, although the orange fluorescence
may also contain different assemblies of Mc days, e.g., to
H-type aggregates as was observed for LB films of

w xspiropyran 5 .

3.2. FTIR absorption studies

Remarkable differences are found when infrared spec-
trum of Sp film deposited from n-hexane is compared with

Ž .the spectrum of the Mc film Fig. 3 . The prominent
spectroscopic differences between the spectra demonstrate
both photochromic changes and aggregation phenomena
occurring under UV illumination during solvent evapora-
tion. These changes can be connected in part with macro-
scopic orientation of Mc molecules, with the presence of
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Ž . Ž .Fig. 1. UV–Vis absorption spectra of long-chain merocyanine aggregate cast from n-hexane on a clean substrate 1 and on a rubbed substrate 2 .
Ž .Spectrum 3 corresponds to colourless Sp form.

Ž . ŽFig. 2. Changes of fluorescence spectra corresponding to the formation of spontaneous aggregates curve 1; l s390 nm and J-aggregates curve 2;ex
.l s420 nm and curve 3; l s370 nm .ex ex
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X X X w X xFig. 3. Microscopic IR spectra of 1-hexadecyl-3 ,3 dimethyl-6-nitrospiro 2 H-1-benzopyran-2,2 -indoline films of the parent Sp form and Mc spontaneous
aggregates prepared on KBr plates.

various conformers of Mc isomer and interaction between
conformers in molecular assemblies. The IR spectra of
J-stacks are very similar to those of the spontaneous
aggregates. This means that in both samples of Mc aggre-
gates interactions observed by IR investigation are similar.

The detailed analysis of all the vibrations will be pub-
lished separately. Here we intend to give only a qualitative
description of aggregate structure, which would complete
the photophysical studies. Based on our results and pub-

w x w xlished IR 8 and resonance Raman spectroscopic data 3
we make the following band assignments for the parent Sp
form: CH and CH symmetric and asymmetric stretching2 3

y1 Ž .vibrations near 2800–3000 cm , n NO asymmetricas 2
Ž .and n NO symmetric stretching modes at 1510 ands 2

y1 Ž . y11335 cm , N– CH stretching at 1296 cm , phenyl–N2

stretch near 1276 cmy1, ring vibration at 1090 cmy1 and
phenyl C–H out-of-plane at 808 and 748 cmy1. For Mc
aggregate, the CH and CH stretching give much weaker2 3

intensities, which suggests that aliphatic chains must be
oriented nearly perpendicular to the substrate. The trans-
formation of Sp to Mc form results also in a decrease in
the intensity of the out-of-plane f–H bending indicating
significant average increase in a tilt angle of both indole-
nine and benzene part of the molecule to the surface. Other
vibrations are sensitive to the molecular rearrangement
involved in photochromism. Firstly, the frequencies of the
nitro group in the open Mc form can be affected through

an inductive effect, a resonance effect and a formation of
w xaci-nitro structures 3 . Indeed, the batochromic shift of

Ž . y1 Ž .n NO to 1503 cm and the absence of n NOas 2 s 2

vibration are observed. Instead of that, a narrow peak at
1255 cmy1 appears representing probably Nq–Oy bond
stretching in nitro group. The band at 1285 cmy1 we
attribute to phenyl–N stretching and those at 1210 cmy1

to C –O vibration. Bands at 1153 and 1432 cmy1 proba-aryl

bly are connected with C 5Nq and C –Nq bondaryl alkyl

vibrations on indolenine part due to zwitterionic structure
of the Mc isomer.

4. Conclusions

We have shown that nitro-substituted spiropyrans very
efficiently form aggregates in aliphatic solvents. This pro-
cess occurs during evaporation of photochromic solution
that is simultaneously subjected to UV irradiation without
any decomposition of the photochromic compound. More-
over, we have found that by the pre-treatment of the
substrate one can obtain almost uniform film of Mc aggre-
gates arranged in J-stacks. J-stacks are mainly composed
of dimers of Mc conformers. The spectroscopic studies
have demonstrated that photochromic part of the Mc
molecule is inclined nearly parallel to the substrate, whereas
long aliphatic chains are perpendicular to substrate. Thus,
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the orientation of Mc molecules on a substrate is imposed
by an aggregation state.

The changes in the IR signals are also indicative of the
aggregation process. The most pronounced are the changes
in bands vibration for NO group near 1510 cmy1 and2

1335 cmy1. Symmetrical stretching disappears and new
band at 1255 cmy1 emerges, representing Nq–Oy bond
stretching vibration in the nitro group. This supports a
view that nitro group plays an essential role in pho-
tochromic process stabilising open merocyanine form in
the associates. Further work is currently under way to
study mechanism, which could explain the formation of
spiropyran aggregates.
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