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a b s t r a c t

Interlayer energy transfer from perylene diimide (PDI12) layers to phthalocyanine layers was studied
using steady-state absorption, fluorescence, and time-resolved fluorescence and microscopy methods.
The layers were prepared by Langmuir–Schäfer method, spaced by a few layers of octadecylamine
deposited by Langmuir–Blodgett method, when required. The fluorescence lifetime microscopy method
allowed to exclude defects from the energy transfer analysis and calculate the fluorescence lifetimes
of PDI12 for the defect free areas. The estimated distance dependence of the interlayer energy transfer
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follows roughly second order dependences on the distance with the critical distance of 6.9 nm.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

As a traditional industrial pigment, perylene diimides (PDI) are
sed in many applications. In addition, PDI derivatives have been
onsidered to be versatile and promising functional materials for
rganic-based electronic and optic devices, such as transistors and
olar cells [1,2]. For solar cells it is necessary to have absorbance
eatures that closely match the solar spectrum.

PDI derivatives possess intensive absorption in the visible part of
he spectrum (400–600 nm) [3–6]. As materials for light-emitting
iodes, solar cells, and transistors, PDI derivatives have attracted
uch attention due to their high thermal and chemical stabilities

nd good photoconductive properties [1,7].
Another important property of PDI derivatives is their abil-

ty to form different self-organized structures [8,9]. In particular,
he PDI12 derivative, presented in Fig. 1, containing trialkylphenyl
roups at the imide positions, has been thoroughly studied in
number of solvents at different concentrations and tempera-

ures [5,6,10]. In nonpolar environment and films, the strong �–�
nteraction among the dyes produces well organized aggregates.

he absorption and emission spectra of the aggregates are shifted
rastically to the red, but the emission efficiency and lifetime
emain rather high, which makes the aggregates promising struc-
ures for light harvesting and energy transfer applications. In this
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E-mail address: heli.lehtivuori@tut.fi (H. Lehtivuori).
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study, phthalocyanine (Pc) has been chosen as energy acceptor
because of its rather high absorption in the red part of the spec-
trum (600–800 nm), thus providing required overlap between the
emission spectrum of the donor and absorption spectrum of the
acceptor. In addition phthalocyanines have electronic properties
that make them suitable for applications in photovoltaic devices,
molecular transistors, light-emitting devices, and other molecular
electronics applications [11–15].

A number of methods have been used to prepare molecular
films. In order to study intermolecular electron or energy transfers
in solid state, the Langmuir–Blodgett (LB) and Langmuir–Schäfer
(LS) techniques can be used to manufacture highly ordered molecu-
lar monolayers from amphiphilic molecules and deposit them onto
solid substrates [16,17]. Even though PDI12 is not amphiphilic, it
forms stable and smooth film at the air–water interface and the
film can be transferred onto solid substrate by horizontal lifting (LS
method) [6].

Photoinduced electron and energy transfer processes in organic
materials such as perylene derivatives and phthalocyanines have
been under intensive study during the past decade [7,19–23]. In
our recent studies, PDI derivatives have been used as secondary
electron acceptors in systems where the primary charge separation
takes place in a porphyrin–fullerene or phthalocyanine–fullerene

dyad molecules [24]. We have also observed that PDI derivative,
similar to PDI12, donates energy to phthalocyanine–fullerene dyad
after photoexcitation [25]. In the present study, dynamics and
distance dependence of the intermolecular photoinduced energy
transfer processes in PDI12|Pc bi-layer structure were studied.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:heli.lehtivuori@tut.fi
dx.doi.org/10.1016/j.jphotochem.2010.01.017
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surements were performed for LS monolayers of PDI12 and Pc, and
samples with PDI12 and Pc layers separated by 0, 2, 4, 6 and 8 layers
of octadecylamine (ODA), and with the films deposited onto micro-
scope cover glass substrates (0.1 mm thickness) to allow the use of
immersion objective. At least two samples with the same number
ig. 1. Perylene diimide derivative (PDI12, where R = C12H25), and free-base
hthalocyanine (Pc) derivative.

lternating multilayer films of PDI12 and Pc were prepared by
orizontal dipping (LS method) of the Langmuir film. The energy
ransfer processes between PDI12 and Pc films are studied in
etail by optical spectroscopic methods, including steady-state
bsorption and fluorescence, and time-resolved fluorescence in
anosecond timescale.

. Experimental section

.1. Materials

The symmetric trialkylphenyl-functionalized perylene
iimide derivative (PDI12) was synthesized as reported pre-
iously [5]. The synthesis of 1,4,8,11,15,18-hexabutoxy-23-[3-
hydroxymethyl)phenoxy]phthalocyanine, Pc, is reported else-
here [26]. Structures of the perylene diimide derivative (PDI12),

nd free-base phthalocyanine (Pc) are presented in Fig. 1. Octadecyl
mine (ODA, Aldrich) was used without further purification. ODA
nd Pc were dissolved in chloroform (Merck) and PDI12 in hexane
Labscan Ltd.). Water was purified by MilliQ system (Millipore
orporation).

.2. Film preparation

Surface pressure–mean molecular area isotherm measurements
nd film depositions by Langmuir–Schäfer or Langmuir–Blodgett
ethods were done using LB 5000 and minialternate systems from

SV Instruments (KSV Instrument Ltd., Helsinki, Finland). The sub-
hase was a phosphate buffer containing 0.5 mM Na2HPO4 and
.1 mM NaH2PO4 in MilliQ water. Samples for steady-state mea-
urements were prepared on quartz plates which were cleaned by
sing the standard procedure [16]. The samples for fluorescence

ifetime microscopy (FLM) measurements were prepared on one
ide of microscope cover glasses. These glasses were cleaned in
ltrasonic bath with chloroform (30 min) and then in 0.001 M NaOH
30 min).

Before deposition of the photo-active layers, three layers
f ODA were deposited on quartz plates using a standard
angmuir–Blodgett method [16]. This was done in order to prepare
ubstrates with hydrophobic surfaces, required for deposition of
hoto-active layers by Langmuir–Schäfer method [17]. The PDI12

ompound was dissolved in hexane at concentration of 0.1 mM
nd Pc compound was dissolved in chloroform at concentration
f 0.25 mM. Deposition pressures for monolayers of PDI12 and Pc
ere 8 mN m−1 and 15 mN m−1, respectively. Drying time of the
lms after every deposition was 1 min under nitrogen flow. When
Photobiology A: Chemistry 211 (2010) 26–31 27

required, the PDI12 and Pc layers were separated by 2, 4, 6, or 8
ODA layers deposited by LB method.

2.3. Spectroscopic measurements

The steady-state absorption and emission spectra of the samples
were recorded using Shimadzu UV-3600 UV–vis–NIR spectropho-
tometer and Fluorolog-3 (Spex Inc.) fluorimeter. The emission
spectra were corrected applying correction function supplied by
the manufacturer. Measurements were carried out at room tem-
perature and ambient conditions.

Pump–probe technique was used for time-resolved measure-
ments of the sample absorption. The instruments and the data
analysis procedure have been described earlier [18]. Briefly, the
transient absorption measurements with the pump–probe method
were done using excitation at 500 nm. The wavelength of 500 nm
was achieved by using an optical parametric amplifier (CDP 2017,
CDP Inc., Russia) after multipass femtosecond amplifier and mixing
fundamental harmonic with signal beams of the parametric ampli-
fier. A typical time resolution of the instrument was 150 fs (FWHM)
and other details can be found in the Supporting Information.

2.4. Fluorescence lifetime microscopy (FLM) measurements

Fluorescence lifetime images were acquired by inverse time-
resolved fluorescence microscope MicroTime-200 (PicoQuant
GmBH). The excitation wavelength, the spatial resolution, and the
time resolution were 405 nm, 0.3 �m, and 60–70 ps, respectively.
The manufacturer’s software was used to calculate the lifetime map
images.

3. Results

3.1. Film preparation

The formation and deposition of PDI12 Langmuir monolayers
were described previously [6]. The isotherm for 100 mol % Pc is
presented in Fig. 2. The shape of isotherm for 100 mol % Pc was typ-
ical for the expanded monolayers, with reasonable mean molecular
area values, ca. 100 Å2.

In order to study steady-state quenching, PDI12, Pc, and
PDI12|Pc mono- and bi-layer samples were prepared. The bi-layer
sample consisted of one LS monolayer of PDI12 on the bottom and
Pc on the top of film. Fluorescence lifetime microscopy (FLM) mea-
Fig. 2. Isotherm of 100 mol % Pc.
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ig. 3. (a) The absorption spectra of PDI12 (black line), Pc (grey line), and PDI12|Pc
nd PDI12|Pc multiplied by 5.3 (dashed light grey line) mono- and bi-layer films on

f intermediate ODA layers were prepare to check reproducibility
f the results.

.2. Absorption and emission spectra

Fig. 3a presents the absorption spectra of the PDI12, Pc, and
DI12|Pc mono- and bi-layer films. Several authors have studied the
bsorption and fluorescence properties of the perylene derivative
lms in detail [3–5]. Perylene diimides (PDI) derivatives, simi-

ar to PDI12, have intense absorption bands in the 400–600 nm
egion and an excimer-like emission band in the 500–800 nm
egion [3–5,25]. PDI12 is strongly aggregated in films, which can
e observed from the steady-state absorption and emission spectra
Fig. 3) [5,6,10].

In LS films especially the Q-band of Pc is broad, and covers the
egion between 650 nm and 800 nm (Fig. 3a). This broadening of
he bands for phthalocyanine compounds in thin films arises from
ggregation [27,28]. Steady-state absorption spectrum of the dou-
le layer sample corresponds well to the sum of the spectra of
he individual layers (Fig. 3a) indicating that there is no signifi-
ant interaction between PDI12 and Pc in the ground state and the
ayers can be successfully deposited one on top of the other.

The emission spectra of the PDI12 and PDI12|Pc mono- and bi-
ayer films are presented in Fig. 3b. The samples were excited at
90 nm. The emission maximum of PDI12 is at 630 nm. No emis-
ion is seen in the phthalocyanine film due to self-quenching of the
ggregated molecule, even though these compounds show clear
mission when measured in solution [26]. This is, however, well

stablished property of Pc films and was reported previously [29].

The fluorescence of PDI12 is strongly quenched in the presence
f Pc in the adjacent layer (Fig. 3b). Nevertheless, the normalized
mission spectra of PDI12 and bi-layer samples have virtually iden-
ical shapes. The quantum efficiency of energy transfer, �ET, can

ig. 4. FLM images of (a) PDI12 and (b) Pc monolayer films on a microscope cover glas
ounts are indicated by color density at each point. The scan size is 20 �m. (For interpreta
ersion of this article.)
grey line) and (b) emission spectra of PDI12 (black line), PDI12|Pc (light grey line),
z plate. Excitation wavelength was 490 nm.

be expressed using the ratio of the quantum yields of the donor
in the presence (�) and absence (�0) of the acceptor, or using the
fluorescence lifetimes as [30]

�ET = 1 − �

�0
= 1 − �

�0
, (1)

where � is the emission lifetime of PDI12|Pc sample, and �0 is
the lifetime of unquenched PDI12 layer. The energy transfer quan-
tum yield can be estimated from relative intensities of emission.
In steady-state fluorescence measurements, the integrated emis-
sion intensity (500–800 nm) of bi-layer PDI12|Pc sample is only 7%
of the intensity of PDI12 monolayer sample. This means that 93%
(�ET) of photoexcited states of PDI12 decay via the energy transfer
from PDI12 to Pc layers.

3.3. Pump–probe measurements

Time-resolved absorption measurements are useful in tracking
species formed during relaxation of the photoexcitation. In par-
ticular, different intermediate state can be discriminated based
on their characteristic spectral features. The pump–probe mea-
surements require high absorbance of the samples and therefore
multilayer films of PDI12 and PDI12|Pc were prepared (Fig. S1 in
the Supporting Information) [31,32]. Similar measurements were
carried out recently for a multilayer structures formed by a PDI
derivative and phthalocyanine–fullerene dyad [25]. These mea-
surements have shown that primary excited PDI molecules transfer
the energy to phthalocyanine part of the dyad, which follows by
a quick charge separation in the phthocyanine–fullerene layer.

Experimentally this is seen as gradual change in the shape of the
transient absorption spectrum measured by pump–probe method
within few tens of picosecond. In a contrast, pump–probe measure-
ments have not revealed any significant changes in the shape of the
transient absorption spectrum of PDI12 upon addition of adjacent

s substrate. The color scales represent average lifetimes and the total numbers of
tion of the references to color in this figure legend, the reader is referred to the web
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Fig. 5. FLM image of (a) sample with PDI12 and Pc layers separated by two layers of octadecylamine (ODA) on a microscope cover glass substrate. The scan size is 20 �m. The
r rage lifetimes for same sample (from FLM image (a), solid black line) and PDI12 monolayer
fi ines show the average lifetimes at 3.7 ns and 18.5 ns, respectively. (For interpretation of
t n of this article.)
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Table 1
Typical decay fit results. d is the distance between the donor and acceptor layers
(number of ODA layers multiplied by 2.4 nm), � is the lifetime, ˇ is the stretching
parameter as given by Eq. (2), the stretched exponential fit of goodnesses, and the
weighted mean square deviations (�2) obtained from ordinary fitting procedure.

Sample d (nm) � (ns) ˇ �2

PDI12 – 18.53 ± 0.12 0.836 ± 0.004 1.056
PDI12|ODAx8|Pc 19.2 16.56 ± 0.09 0.822 ± 0.004 1.134
PDI12|ODAx6|Pc 14.4 15.32 ± 0.08 0.828 ± 0.003 1.172

PDI12|Pc bi-layer, and samples with PDI12 and Pc layers separated
by four and two layers of octodecylamine (ODA). One important
observation is that there is no “long tail” in the emission decay
for PDI12|Pc bi-layer, which presents in the measurements carried
ed strip in (a) is an example of broken Pc layer on top of film. (b) Distributions of ave
lm sample (from FLM image (a), dashed black line). The dotted and dashed grey l
he references to color in this figure legend, the reader is referred to the web versio

c layer, though the relaxation of the PDI12 excited state is appar-
ntly faster in the latter case (see Figs. S2 and S3 in the Supporting
nformation). This rules out the charge transfer between the layers
reason for PDI12 excited state quenching in bi-layer structures.

.4. Fluorescence lifetime microscopy

Fig. 4 presents the FLM images of PDI12 and Pc monolayer
lms with uniform surface morphology over the scanned area,
0 �m × 20 �m. It should be noted, that the emission intensity and

ifetime of Pc layer on the glass alone are much lower and shorter,
espectively, than those of PDI12 layer on the glass, at least by few
rders in magnitude. Therefore the FLM images obtained for bi-
ayer PDI12|Pc film are actually fluorescence maps of the PDI12
ayer on the glass.

Fig. 5a presents the FLM images of sample with PDI12 and Pc
ayers separated by two layers of octadecylamine (ODA). The film
ontains broken structure, which comes from imperfect deposi-
ion of the Pc layer. The FLM image of PDI12|ODAx2|Pc film (Fig. 5a)
hows two areas with different fluorescence properties of the PDI12
ayer. The areas differ in both fluorescence intensity and lifetime.
he lifetime distribution is shown in Fig. 5b, where two clear bands
an be seen. Each area is rather uniform in itself. The bigger area
as much shorter lifetime than the smaller one. The average life-
ime of the bigger area is 3.7 ns, whereas the smaller part has a
ifetime close to 18 ns, which match well with the lifetime of PDI12
ayer alone. Intensity of the emission is virtually the same as that of
DI12 monolayer (Fig. 4a). Therefore a reasonable explanation for
he morphology is that the most part of PDI12 layer is covered by
he Pc layer and its emission is quenched. The red strip in Fig. 5a
s an example of broken Pc layer on top of film. The average life-
ime for this area is 18.5 ns. This lifetime is identical with PDI12

onolayer film sample average lifetime (Fig. 4a)

.5. Fluorescence lifetimes and distance dependence

An increasing number of ODA layers was added between PDI12
nd Pc monolayers in order to study dependence of the energy
ransfer on the distance between the donor and acceptor layers.
he thickness of a single ODA layer was assumed to be the same
s that of stearic acid layer, 2.4 nm [16]. The distance between the

DI12 and Pc layers, d, was calculated as the product of number of
DA layers and thickness of single layer, 2.4 nm. Utilization of FLM
as allowed us to calculate emission decays for defect free areas. For
xample, darker parts in Fig. 5a were used to calculate cumulative
mission decays, which were fitted and analyzed.
PDI12|ODAx4|Pc 9.6 10.70 ± 0.05 0.829 ± 0.004 1.074
PDI12|ODAx2|Pc 4.8 3.74 ± 0.04 0.758 ± 0.005 1.180
PDI12|Pc 0 1.07 ± 0.02 0.642 ± 0.007 1.069

The decays were non-exponential, as can be expected for solid
films. To deal with this problem, a stretch exponent model was
proposed and successfully used to model excited state relaxation
[25,33–35]. This model will be discussed later. Typical fit results are
presented in Table 1. Also the actual number of analyzed data was
greater since few samples were prepared for the same distances
between the layers and four different unbroken areas (see Fig. 5a)
were taken from each sample to generate decay curves. Table 1
presents also the stretching parameter, ˇ, and the weighted mean
square deviations (�2).

Fig. 6 presents the emission decays of PDI12 monolayer,
Fig. 6. Emission decays PDI12 monolayer, PDI12|Pc bi-layer, and samples with
PDI12 and Pc layers separated by four and two layers of octadecylamine (ODA).
Solid lines show stretched exponential fits of the data. The excitation wavelength
was 405 nm.
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ut using traditional (macroscopic) time-correlated single photon
ounting techniques [6].

Ideally, the ratio of integral fluorescence intensities of quenched
nd unquenched PDI12 layers should be equal to the ratio of the
ifetimes (see Section 3.2). However, the lifetimes were calculated
xcluding defected parts of the films, whereas no such procedure
ould be done for a standard fluorescence measurements. As a
esult the ratio of intensities always underestimate the quench-
ng, e.g. for PDI12|Pc sample the relative intensity is 7% whereas
he relative lifetime is 5.8%. The lifetimes were used to evaluate
nergy transfer efficiencies, as these values are considered to be
ore reliable.

. Discussion

In polar solvents the fluorescence decays of PDI12 are mono-
xponential and independent of the monitoring wavelength. The
uorescence lifetime varies from 3 ns to 4 ns. In nonpolar solvents,
uch as hexane, and at high concentrations, the emission shifts
radually to the red, the shorter 3 ns component disappears, and
mission consists purely of the long-living, about 40 ns, component,
hich is assigned to the aggregates [5,6,10]. The fluorescence life-

ime of PDI12 film is also long in the absence of acceptor (Table 1)
nd it is similar to that of the long-lived component in concen-
rated hexane solution [5,6,10]. Therefore, PDI12 seems to be fully
ggregated in the LS film.

Simple mono-exponential fit of the PDI12 film fluorescence
ata yielded lifetime of 19.4 ± 0.6 ns. The result was unaccept-
ble as the decay is clearly not mono-exponential, and the fit
oodness was �2 = 1.90. A better approximation has been achieved
sing bi-exponential fit. The fit lifetimes were �1 = 8.2 ± 0.3 ns and
2 = 25.9 ± 0.24 ns, and the fit goodness was �2 = 1.37. The calcu-
ated average lifetime, using bi-exponential fit, was �av = 18.9 ns.
ven though decays are not mono- or bi-exponentials and a mul-
iexponential fit could be used in order to obtain a reasonable
pproximation [36], the multiexponential decay model has no
hysical meaning, that is, the population of the excited states
ecreases non-exponentially due to inhomogeneity of the local
nvironments of individual PDI12 molecules in the film.

The non-exponential behavior of organic molecules in solid
lms, especially in bi-layer films, is a well known phenomenon
36,37]. The stretch exponential model describes this kind of behav-
or quite well [33–35]. It has sharper decay at the beginning and
lower relaxation at the end, as presented in Fig. 6. In the present
tudy a better approximation, as presented in Table 1, has been
chieved using the stretch exponential fit. The fit function is

(t) = I0 exp

[
−
(

t

�

)ˇ
]

, (2)

here � is the emission lifetime and ˇ is an empirical parameter
hat shows the degree of heterogeneity present. Parameter ˇ has
alue in the range from 0 to 1, and ˇ = 1 corresponds to pure expo-
ential decay (no distribution of the states) and decrease in ˇ means

ncrease in distribution width. Eq. (2) is an analytical finding and
here is no exact mathematical expression linking ˇ with the distri-
ution width or the type of distribution. However, it can serve as a
easonable mathematical model to estimate the emission lifetime,
, from non-exponential decays. In other words, the stretched expo-
ential can be used to analyze complex fluorescence decays with
ifferent emission sources in different microenvironments, which

an lead to a distribution of decay times.

In PDI12|Pc films non-exponential behavior is usually attributed
o the distribution of orientations and distances between the
onor and acceptor molecules. The stretched exponential func-
ion not only describes the decay profiles almost exactly, but also
Fig. 7. Energy transfer time constant as a function of distance between PDI12 and Pc
layers in the films. The model with n = 2 yields R0 = 6.9 nm and d0 = 0.5 nm, with
n = 3 yields R0 = 10.0 nm and d0 = 1.3 nm, and with n = 4 yields R0 = 10.5 nm and
d0 = 0.7 nm, respectively.

derives from the more realistic decay model of continuous life-
time distributions in PDI12|Pc films, rather than from an arbitrary
assumption of single or multiple discrete exponential decay com-
ponents. Moreover, this approach yields, besides the mean lifetime
� of the distribution, an additional parameter of interest (ˇ), which
is related to the width of the lifetime distribution and which is a
direct measure for the local heterogeneity of the sample. The het-
erogeneity parameter is important because it enables the study
mechanisms that cause a lifetime distribution to broaden (ˇ value
decreases) or narrow (ˇ value increases), as presented in Table 1
and Fig. 5b. In Table 1, ˇ value decreases when distance between
active layers gets shorter, this decrease is due to the inhomogeneity
which comes from imperfect deposition of the Pc layer.

Energy transfer time constant, as a function of distance between
PDI12 and Pc layers in the films, is shown in Fig. 7. The energy trans-
fer time constant, �ET, can be obtained from the measured emission
lifetimes, �, and the lifetime of unquenched PDI12 layer, �0, as

�ET =
(

�−1 − �−1
0

)−1
(3)

As can be seen from Eq. (3), �0 has a big influence on determination
of the energy transfer time constant, �ET. The experimental lifetime,
�0, was taken from an average of several measurements of lifetime
obtained using FLM. The energy transfer time constants have large
dispersion, as indicated by the noticeable errors in Fig. 7, especially
when � and �0 are close to each other. Such large dispersion is not
only due to the limitations in measuring the lifetimes, but also due
to the possible interpenetration among the LS film layers, which
brings uncertainties as to the precise distance between donor and
acceptor layers.

Förster theory can be applied to the study of energy transfer
[21,38–40]. Fluorescence quenching in LS monolayer film by energy
transfer can be described by the following equation [41–43]

�ET = �0

[
d + d0

R0

]n

, (4)

where d is the distance between the donor and acceptor lay-
ers, i.e. thickness of intermediate ODA layers, d0 is the distance
between the donor and the acceptor molecules without separat-
ing ODA layers, i.e. the acceptor layer is deposited on top of the
donor layer, R0 is the Förster radius, and n is the parameter which
identifies the model. When the energy is transferred between two
isolated dipoles n = 6 [38]. However, the power dependence of

the energy transfer is greatly influenced by the geometry of the
system [41]. In the case of energy transfer from a point dipole
to a layer, n = 4, and in layer to layer energy transfer n = 2 [40].
Given a Förster energy transfer mechanism, n = 3 distance depen-
dence is consistent with resonance electronic energy transfer from
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two-dimensional donor layer to a three-dimensional array of
cceptors [42]. The results of the distance dependence fits for
= 2, n = 3, and n = 4 are presented in Fig. 7. The model with
= 2 yields R0 = 6.9 nm and d0 = 0.5 nm, with n = 3 yields R0 =
0.0 nm and d0 = 1.3 nm, and with n = 4 yields R0 = 10.5 nm and
0 = 0.7 nm, respectively. The second and third order dependences
ive somewhat better approximation of the results than fourth
rder dependence (Fig. 7), and can be used to compare the energy
ransfer in PDI12|Pc films. Results with similar molecular structures
ave already been published [21,40,43].

Hill et al. reported a second order distance dependence for lay-
red Langmuir–Blodgett polymer structure, consistent with energy
ransfer between two fluorescent polymers in monolayers. They
sed poly(9,9-dioctylfluorene-co-benzothiadiazole) as an acceptor
nd poly(9,9-dioctylfluorene) as a donor, and calculated that the
ritical distance was 3.8 nm [40]. A third order distance dependence
f the transfer rate between the excited donor and the acceptor film
as assumed by Shaw et al. [43]. They used poly(3-hexylthiophene)

s the acceptor layer and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
1,4-benzo-{2,1

′
,3}-thiadiazole)] as the donor layer, and observed

he critical distance to be ∼12 nm. In the present study, both the
econd and third order model predictions are in good agreement
ith the experimental measurements.

Energy transfer between two layers is chosen here, because
erylene diimide derivative and phthalocyanine layers in LS films
re probably organized close to each other and behave more as a
lm than as single dipoles. Therefore estimated distance depen-
ence of the interlayer energy transfer, using the second power
pproach, has shown critical distance to be 6.9 nm and d0 = 0.5 nm.
his result suggests that energy transfer occurs from a donor layer
o a acceptor layer. The result is in good agreement with the value
ounded by Del Caño et al. [21] for LB monolayers of phthalo-
yanine and perylene derivative. From they observation, using
he fourth power dependence, the estimated critical distance was
0 = 8.4 nm. According to their results a slightly greater value of
he energy transfer distance, than reported in this work, is prob-
bly explained by small number of experimental points available
or the estimation. However, when varying the model (Fig. 7) and
hus the power dependence of the energy transfer rate the exact
alculation of R0 and d0 also differs.

. Conclusions

The interaction between perylene diimide derivative and
hthalocyanine films was studied by steady-state and time-
esolved optical measurements. The energy transfer from the
erylene diimide derivative to the phthalocyanine chromophore

s attributed to be the main relaxation process of the excited PDI12
n the PDI12|Pc structure. The non-exponential behavior of organic

olecules in solid films is a well known phenomenon. To deal with
he problem, a stretch exponent model was successfully used to fit
mission decay data. In addition, we have demonstrated that the
ime constant for the energy transfer between perylene diimide

erivative and phthalocyanine layers follows roughly second order
istance dependence. This energy transfer mechanism is consistent
ith the resonance electronic energy transfer from a donor layer to

n acceptor layer, yielding a value of 6.9 nm for the critical transfer
istance.
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