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Abstract

This communication reports the spectroscopic characterizations of mixed Langmuir–Blodgett (LB) films of non-amphiphilic N,N-bis

(2,5-di-tert-butylphenyl)- 3,4,9-perylenedicarboximide (DBPI) molecules, mixed with polymethyl methacrylate (PMMA) and stearic acid

(SA). J- aggregates of DBPI molecules in the mixed LB films have been confirmed by UV–Vis absorption spectroscopic study. Formation

of organized structure of molecular stacking in the mixed LB films gives rise to the strong excimeric emission, which is manifested by a

broad structureless band in the longer wavelength region of the fluorescence spectra and is confirmed by excitation spectroscopic study.

A weak hump at around 576 nm due to monomeric emission is observed in the fluorescence spectra of 0.1M of DBPI-PMMA mixed LB

films of lower number of layers. The intensity of the 0–0 band at 530 nm in the fluorescence spectra is observed to be a function of the

molefraction, number of layers, surface pressure of lifting and the matrix materials.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Perylene and its derivatives have strong electrical and
optical properties, which make them as prime candidates
for applications as organic semiconductors, photoconduc-
tors, photoreceptors and laser materials [1–6]. Perylenedi-
carboximide derivatives show exceptional electrical,
chemical and photochemical stability [7] and also possesses
high fluorescence quantum yield [8]. These molecules and
their derivatives have been used as building blocks for
molecular switches [9], wires, and logic gates [10,11], as well
as organic light emitting diodes [12,13], light harvesting
arrays (photovoltaic cells) [14,15], photorefraction thin
films [16,17] and solar cells [18,19]. Perylene dicarboximide
derivatives have been well known as photoconducting
materials in xerography [20–22], optical communication
devices [23,24] and as photoinduced electron transport
materials [25]. Perylene structure very likely forms assem-
blies because of strong p–p interaction between fused
front matter r 2006 Elsevier Ltd. All rights reserved.
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aromatic ring structure [26] and this p—stacking is
expected to facilitate energy or charge transport [27].
Study of organized molecular assemblies of different

perylenedicarboximide derivatives in the restricted geome-
try of Langmuir–Blodgett (LB) films is important because
in the organized LB film various physical characteristics
may be manipulated with ease by changing various LB
parameters that may lead to specific technical applications.
Several perylene derivatives have been studied in LB

films [28]. A preliminary study on one of the interesting
perylene derivatives namely N,N-bis (2,5-di-tert-butylphe-
nyl)- 3,4,9-perylenedicarboximide (DBPI) incorporated
into LB films mixed with stearic acid was reported [29].
However, detail investigations on the dependence of
photophysical characteristics on various LB parameters,
of the mixed LB films of DBPI in different matrices have
never been done before. The two different building
matrices, namely a long chain fatty acid (stearic acid—
SA) and an inert polymer (polymethyl methacrylate—
PMMA) are used, as they possess different dielectric
constants giving various polar environments for the mother
chromophore (sample molecules). Another important
reason for using two different matrices is that they are
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Fig. 1. Molecular structure of N,N-bis (2,5-di-tert-butylphenyl)- 3,4,9-

perylenedicarboximide (DBPI).
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predicted to have different inner spacing, which may
change the conformation and molecular packing of the
chromophore in the mixed LB films. In the PMMA matrix,
PMMA molecules have a coil-like structure [30] in which
the sample molecules may find an excellent microenviron-
ment to get isolated from the other molecules. Whereas in
case of SA matrix, the SA molecules have linear chain-like
structure and the sample molecules may get stacked among
the SA chains. In this context, it is important to note that
the conformational and organizational changes of some
other non-amphiphilic molecules, namely carbazole [31]
are largely affected by different kinds of microenvironment
in different matrices. Here we report the photophysical
characteristics of the mixed LB films of DBPI in PMMA as
well as also in SA matrices in the light of UV–Vis
absorption and steady-state fluorescence spectroscopic
studies. The molecular structure of DBPI molecule is
shown in Fig. 1.

The most interesting thing in our observation is that in
DBPI–PMMA mixed LB films of 0.1M of DBPI for lower
number of layers a weak hump at around 576 nm is
observed, which is not visible in case of higher molefraction
as well as also for higher number of layers and in SA
matrix.

2. Experimental

DBPI was purchased from Aldrich chemical company,
USA and vacuum sublimed followed by repeated recrys-
talization before use. SA (purity499%) from Sigma, USA
and isotactic PMMA from Polyscience were used as
received. The solvent chloroform (SRL, India) was of
spectral grade and its fluorescence spectrum was checked
before use. A commercially available Langmuir Blodgett
film deposition instrument (Apex, 2000C, India) was used
for mono- and multilayer film depositions. The subphase
used was triple distilled deionized water. The pH of the
subphase was 6.5 in equilibrium with atmospheric carbon-
dioxide. Solutions of DBPI, PMMA, SA as well as
DBPI–PMMA and DBPI–SA mixtures at different mole-
fractions were prepared in chloroform solvent and were
spread on the subphase by a micro-syringe. Surface
pressure was recorded by using Wilhelmy plate arrange-
ment as described elsewhere [32]. Deposition of multilayers
was achieved by allowing the substrate to dip with a speed
of 5mm/min with a drying time of 15min after each lift.
Fluorescence grade quartz slides were used for spectro-
scopic measurements. For each molefraction of DBPI, 10
bi-layer LB films were deposited. We chose 15mN/m as the
standard surface pressure for lifting the mixed LB films for
both the matrices. The transfer ratio was found to be
0.9870.02. The spin-coated films were prepared using a
Spin Coating Unit (SCU 2005A, APEX Instrument Co,
India) keeping the motor speed fixed at 6000 rpm for 60 s.
Fluorescence spectra and UV–Vis absorption spectra

were measured by a Perkin Elmer LS 55 spectrophotometer
and Perkin Elmer Lambda 25 spectrophotometer respec-
tively. All the measurements were performed at room
temperature (24 1C).

3. Spectroscopic characterizations

Figs. 2a and b show the UV–Vis absorption and steady-
state fluorescence spectra of mixed LB films of DBPI
(0.1–0.8M) in two different matrices PMMA and SA,
respectively, together with the spectra in chloroform
solution and DBPI microcrystal for comparison.
DBPI solution absorption spectrum shows distinct

bands in the 400–550 nm region, with a characteristic
vibronic structure associated with p–p* transition of the
perylene moiety with intense 0–0 band at 521 nm followed
by subsequent 0–1 transition at 485 nm and 0–2 transition
at 451 nm. These bands are in good agreement with the
pure perylene bands and correspond to the S1-S0
(1Lb-

1A) transition [33,34] that directed parallel to the
short axis of the molecule. The large shift in band position
of the DBPI solution absorption spectrum with respect to
the pure perylene may be due to the presence of bulky
substituent groups in the DBPI molecule.
The vibrational band system as observed in the DBPI

microcrystal spectrum is almost identical in shape and
position, in comparison to the solution absorption
spectrum having prominent peaks at 455, 490 and
530 nm. However, unlike that of the solution spectrum,
the bands in the microcrystal spectrum are observed to be
broadened and red shifted.
It is interesting to note that the absorption spectra of

mixed LB films of DBPI at different molefractions in both
the matrices are almost similar to microcrystal spectrum
having identical peak position and broadened spectral
profile with respect to the solution absorption spectrum.
Also all the bands in the mixed LB films absorption spectra
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Fig. 2. (a) UV–Vis absorption and steady-state fluorescence spectra of DBPI in chloroform solution (CHCl3), in microcrystal (MC) and in DBPI–PMMA

mixed LB films. The numbers denote the corresponding molefractions of DBPI in PMMA matrix. (b) UV–Vis absorption and steady-state fluorescence

spectra of DBPI in chloroform solution (CHCl3), in microcrystal (MC) and in DBPI–SA mixed LB films. The numbers denote the corresponding

molefractions of DBPI in SA matrix.
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are red shifted with respect to the solution absorption
spectrum. The red shifting as well as broadening in the
spectral profile of the mixed LB films absorption spectra of
DBPI for both the matrices may be due to the formation of
aggregates in the mixed LB films and a strong dipole–
dipole interaction between the molecules in the aggregates
[35,36]. This is to mention in this context that LB film
absorption spectra of pure perylene do not show any shift
in band position but have broadened spectral profile
indicating aggregation [37].

It may be worthwhile to mention in this context that
according to the intermediate strength exciton coupling
theory [35,38], dipole–dipole interaction results in the
raising or lowering of the exciton band to a position either
energetically higher or lower than the monomer band. Such
a change in energy is given by

DE ¼
2M2ð1� 3 cos2 yÞ 1� 1

N

� �

r3
,

where M is the transition dipole moment vector, N is the
number of monomers in the aggregate and y is the angle
made by the dipole with the vector r and r is the length of
the vector joining the centers of two dipoles. For
0oyo54.71, the exciton band is located below the
monomeric band, that causes a red shift and the
corresponding aggregate is known as J- aggregate, while
for 54.71oyo901, the exciton band is located above the
monomeric band and this gives rise to a blue shift in the
absorption spectrum known as H- aggregate. Correspond-
ing to the magic angle y ¼ 54.71, the shift observed is
almost zero and independent of N & r and such aggregate
is referred to as I-aggregate.
The red shift of the absorption bands accompanied with

an overall broadening in the mixed LB films of DBBPI
for both the matrices seems to be due to the formation of
J-aggregate. The close similarity of the absorption spectra
of the mixed LB films with that of the microcrystal
spectrum may lead to the conclusion that at least low
dimensional microcrystalline aggregates are formed in the
mixed LB films of DBPI.
It may be mentioned in this context that there are certain

rigid nearly planar plate-like molecules namely, pyrene [39]
or rod-like molecules anthracene [40], biquinoline [41],
carbazole [42] form aggregates in the mixed LB films. These
molecules are sandwiched among the matrix molecules
(SA/PMMA) to form aggregates in the LB films and
partial or total binary demixing are occurred in the mixed
LB films. In the present work, DBPI molecule has almost
plate-like structure. For aggregation to be occurred in the
mixed LB films of DBPI molecules, the most possibility is
the sandwich of DBPI molecules among SA or PMMA
molecules in the mixed LB films.
Steady-state fluorescence spectrum in chloroform solu-

tion (shown in Figs. 2a and b) shows distinct and
prominent vibrational bands in 500–600 nm region with
0–0 band at 534 nm and another prominent but low intense
band at 572 nm. The shift of 0–0 band of about 13 nm in
DBPI solution fluorescence spectrum in comparison to the
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Fig. 3. Excitation spectra of DBPI–PMMA (0.1M of DBPI) mixed LB

films along with the solution and microcrystal spectra. The monitoring

wavelengths are 600 and 645 nm.
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solution absorption spectrum may be due to the deforma-
tion of electronic states of the DBPI molecules.

DBPI microcrystal fluorescence spectrum is quite differ-
ent to that of the solution spectrum. The intense 0–0 high-
energy band in solution spectrum is almost absent in DBPI
microcrystal spectrum and becomes an indistinguishable
weak hump. However, DBPI microcrystal spectrum shows
a broad structureless band system with fluorescnce maxima
at 622 nm region.

The fluorescence spectra of mixed LB films of DBPI in
PMMA and SA matrices are also shown in Figs. 2a and b,
respectively. The mixed LB films fluorescence spectra show a
broad structureless band profile in the 550–700nm region
with peak at around 630nm along with a low intense 0–0
high-energy band at around 530nm. The most interesting
thing is that although there is a shift of 0–0 band of about
13nm in DBPI solution fluorescence spectrum in comparison
to the solution absorption spectra, but for the mixed LB films
the 0–0 band of both the absorption and fluorescence spectra
are almost overlap, indicating a lowering of deformation of
the electronic states of DBPI molecules when it goes from
solution to solid states/films. The origin of this broad
structureless band in the mixed LB films may be due to the
formation of strong excimeric emission, which may be due to
the formation of organized structures of molecular stacking
in the mixed LB films. This requires the chromophores to be
arranged with parallel and overlapping ring systems as have
been observed in several perylene derivatives. The emission
intensity of the band at 530nm is observed to be a function of
the molefraction as well as on the matrix component. The
intensity of this band decreases with the increase in
molefraction of DBPI in both the matrices. In PMMA
matrix, this band is reduced to a weak hump for higher
molefraction but remains present for all the molefractions.
However, for SA matrix this band is almost disappeared at
higher molefractions of DBPI and the fluorescence spectra
become almost identical to that of the microcrystal spectrum.
This may be due to the slight deformation produced in the
electronic energy level of the DBPI molecules owing to the
closer association of the molecules and formation of low
dimensional microcrystalline aggregates in the mixed LB films
at higher molefractions of DBPI.

Fig. 3 shows the excitation spectra of DBPI–PMMA
mixed films of 0.1M of DBPI along with the solution and
microcrystal spectrum, the monitoring wavelengths are 600
and 645 nm.

The solution excitation spectra monitored at 600 and
645 nm have almost similar spectral profile in shape and
position with prominent peaks at 459, 492 and 528 nm,
which are in good agreement with the solution absorption
spectrum. The excitation spectra of LB films and micro-
crystal are almost similar to the solution excitation
spectrum except a small change in intensity distribution
irrespective of the monitoring wavelength. Also they are
broadened with respect to the solution excitation spectrum.

The close similarity of the excitation spectra monitored
at high-energy band as well as longer wavelength band
definitely leads us to the conclusion that the broad spectral
profile of the emission spectra at longer wavelength
originates due to the formation of excimer in the mixed
LB films.
It may be mentioned in this context that some of

perylene derivatives have been observed to emit excimeric
emission when organized in the LB films [37,43]. LB films
of some other molecules as pyrene [39] anthracene [40]
chromphores and their derivatives [44] and some oxazole
derivatives [45], etc., also give rise to excimeric emission in
the longer wavelength region and is an indication of
aggregation for such molecules in the LB films.
4. Layer effect

Various technological applications require thin films of
different thickness. Here we studied the dependence of
photophysical characteristics of mixed LB films of DBPI
with the number of LB layers. We have studied 05, 10, 15,
20 and 25 number of layers as well as also the monolayer
mixed LB films of DBPI in two different molefractions of
0.1 and 0.5M of DBPI.
Figs. 4a and b show the UV–Vis absorption and steady-

state fluorescence spectra of different layered DBPI–PM-
MA mixed LB films at two different molefractions of 0.1
and 0.5M, respectively, along with the DBPI solution
spectrum for comparison. Figs. 4a and b show the same of
the DBPI–SA mixed LB films.
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Fig. 4. (a) UV–Vis absorption and steady-state fluorescence spectra of different layer mixed LB films of 0.1M of DBPI in PMMA matrix. The numbers

denote the corresponding layer and molefraction. (b) UV–Vis absorption and steady-state fluorescence spectra of different layer mixed LB films of 0.5M

of DBPI in PMMA matrix. The numbers denote the corresponding layer and molefraction.
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The absorption spectra of DBPI–PMMA/SA mixed LB
films of both the molefractions show almost similar band
pattern except a small change in intensity distribution.
However, their fluorescence spectra show quite interesting
band pattern. The fluorescence spectra of 0.1M of DBPI in
PMMA (Fig. 4a) show that when the number of layer is
small, namely one and five, there exists a weak hump at
576 nm along with the intense prominent 0–0 high-energy
band at 521 nm and an excimer-like broad band at 640 nm.
This weak hump at 576 nm is actually the band originating
due to the monomeric emission and gives prominent peak
at 572 nm in the DBPI solution spectrum. Whereas the
fluorescence spectra of higher number of layered (X10)
DBPI–PMMA mixed LB films have only the intense longer
wavelength broad band along with the low intense high-
energy 0–0 band. This broad band is mainly due to the
overlapping of the monomeric and the excimeric band,
which was distinct and prominent in case of fluorescence
spectra of 0.1M of DBPI–PMMA mixed LB films of lower
number of layers. However, in the case of 0.5M of DBPI in
PMMA (Fig. 4b) the weak hump at 576 nm is totally
absent. However, with the increase in number of layer for
both the molefractions the intensity of 0–0 high-energy
band gradually decreases and almost disappears in the
fluorescence spectra of 25 layered mixed films of DBPI.

It may be worthwhile to mention in this context that
PMMA molecules have coil-like structure [30] and the
DBPI molecules find an excellent microenvironment where
they can accommodate easily and get isolated from the
other molecules. Also at the lower number of layered
DBPI–PMMA mixed LB films of lower molefraction of
DBPI, the amount of DBPI molecules being lower, they are
loosely packed and separated from each other resulting in
the predominance of monomeric species in the DBPI–PM-
MA mixed LB films of lower molefraction and lower
number of layer.
For higher number of layer and higher molefraction of

DBPI–PMMA mixed LB films the amount of DBPI
molecules is large and a close approach of the DBPI moieties
become possible, resulting in an increase of the excimer-like
emission and a decrease in the monomeric emission.
In case of SA mixed LB films (Figs. 5a and b), no weak

hump is noticed at 576 nm for all the molefractions and
even at lower number of layers. The SA molecules have
linear chain-like structure and the DBPI molecules are
likely to get sandwiched among the SA chains and form
aggregates or molecular stacking in the DBPI–SA mixed
LB films, resulting in a decrease in monomeric emission
and an increase in excimeric emission which is manifested
by the broad structureless band in the longer wavelength
region of the fluorescence spectra.
In order to search the presence of monomeric band

at around 576 nm in lower number layered 0.1M of
DBPI–PMMA mixed LB films, photophysical character-
istics of the DBPI–PMMA mixed spin-coated films have
been investigated. Fig. 6 shows the UV–Vis absorption and
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Fig. 5. (a) UV–Vis absorption and steady-state fluorescence spectra of different layer mixed LB films of 0.1M of DBPI in SA matrix. The numbers denote

the corresponding layer and molefraction. (b) UV–Vis absorption and steady-state fluorescence spectra of different layer mixed LB films of 0.5M of DBPI

in SA matrix. The numbers denote the corresponding layer and molefraction.
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steady-state fluorescence spectra of DBPI–PMMA mixed
spin-coated films at different molefractions.

From the figure it is observed that the fluorescence
spectra of lower molefractions of DBPI have intense 0–0
band at around 528 nm along with the broad band at
around 630 nm. Also with the increase in number of
molefractions the intensity of 0–0 high-energy band
gradually decreases and almost disappears where as the
intensity of excimer-like broad band increases. The
monomeric band present in the fluorescence spectra of
lower layered 0.1M of DBPI–PMMA mixed LB films is
not found in the spin-coated films.

In conclusion, it can be summarized that in PMMA
mixed LB films of 0.1M of DBPI, for lower number of
layers, weak hump at 576 is visible. Therefore, it can be
said that the longer wavelength broad band is actually an
overlap of low intense monomeric band at 576 nm and high
intense longer wavelength excimeric band.

5. Pressure effect

Pressure effect study of LB film is important because,
the morphology and crystal parameter of the film can
be controlled by varying the surface pressure of lifting of
LB film.

Here we have studied the spectroscopic characteristics
of the DBPI–SA mixed LB films lifted at different
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surface pressures. Pressure effect studies of DBPI–PMMA
mixed LB films is not feasible as PMMA monolayer as well
as DBPI–PMMA mixed monolayer at the air–water inter-
face remain no longer stable beyond 15mN/m surface
pressure as evidenced from the pure PMMA isotherm [30].
Figs. 7a and b show the UV–Vis absorption and steady-state
fluorescence spectra of mixed LB films of DBPI in SA at two
different molefractions 0.1 and 0.5M of DBPI, respectively,
using 10, 15, 20, 25 and 30mN/m surface pressure of lifting.

No appreciable change in absorption spectra of the
mixed LB films of DBPI lifted at different surface pressure
is observed except a small change in intensity distribution.
The absorption spectra of 0.1M of DBPI–SA mixed LB
films lifted at lower surface pressure namely, 10, 15 and
20mN/m are highly intense compared to that lifted at
higher surface pressure. However, their fluorescence
spectra are quite interesting. The fluorescence spectra of
the LB films lifted at lower surface pressure show intense
high-energy 0–0 band at 528 nm and a broad structureless
band at around 630 nm. With the increase in surface
pressure the intensity of high-energy band gradually
decreases and almost disappears at higher surface pressure
of 30mN/m, only the intense broad excimeric band exists.

As mentioned earlier the DBPI molecules are stacked
among the SA chains. Also with the increase in surface
pressure the packing pattern of DBPI molecules in the
DBPI–SA mixed LB films are changed and get closer to each
other. As a result, interaction of a ground state DBPI molecule
takes place with an excited state DBPI molecule, thus excimeric
emission occurs. The excimer only exists in excited state and
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Fig. 7. (a) UV–Vis absorption and steady-state fluorescence spectra of DBPI–S

0.1M of DBPI. The numbers denote the corresponding surface pressure of

DBPI–SA mixed LB films lifted at different surface pressures at a molefraction

of lifting.
they dissociate into monomers upon radiative and non-
radiative deactivation. The essential condition for excimeric
emission is that the two molecules must approach within a
distance of 0.35nm and that the concentration is high enough
for interaction to occur within the excited lifetime [46]. At high
surface pressure the DBPI molecule gets closer to each other
and forms a favorable condition for excimeric emission. In the
presence of predominant excimeric sites it is observed that the
intensity of the normal fluorescence decreases while a new
structureless band at longer wavelength region (lower energy)
appears, the intensity of which increases with the increase in
excimeric sites. The excimeric emission is structureless because
the lower state of the transition is essentially a continuum
resulting from the repulsion of the ground state molecules.
Fig. 8 shows the schematic representation of potential

energy surfaces for monomer and excimer emission in
relation with the DBPI–SA mixed LB films where the lower
state of the transition is essentially a continuum.

6. Conclusion

In conclusion, our observations show that non-amphi-
philic DBPI molecules form stable Langmuir monolayer at
the air–water interface when incorporated into PMMA or
SA matrix and can be easily transferred onto quartz
substrate to form stable mono- and multilayer LB films.
J- aggregates of DBPI molecules in the mixed LB films
have been confirmed by UV–Vis absorption spectroscopic
studies. Unlike solution spectrum the mixed LB films and
microcrystal spectra show that the 0–0 band of the
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of 0.5M of DBPI. The numbers denote the corresponding surface pressure
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absorption and fluorescence spectra almost overlap and
have been explained to be due to the reduction of the
degree of deformation of the electronic states when DBPI
molecules go from solution to solid states/films. Formation
of organized structure of molecular stacking in the mixed
LB films give rise to the strong excimeric emission, which is
manifested by a broad structureless band in the longer
wavelength region of the fluorescence spectra and is
confirmed by excitation spectroscopic study. However, this
broad band is due to the overlapping of the monomeric
and excimeric bands as has been concluded from the layer
effect study. A weak hump at around 576 nm due to
monomeric emission, in the fluorescence spectra of 0.1M
of DBPI–PMMA mixed LB films of lower number of layer
is observed. The intensity of the 0–0 band at 530 nm in the
fluorescence spectra is observed to be a function of the
molefraction, number of layers, surface pressure of lifting
and the matrix components.
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