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Abstract

The origin of the stabilization energy of perylene excimer in toluene has been studied. In order to measure the fluorescence spectra and
its decay profiles under the condition free from the reabsorption effect, we designed a thin optical cell with a path length of about 10�m.
From the results, the photophysical parameters of perylene excimer such as the formation rate constant, the peak position and the lifetime
and the quantum yield of fluorescence can be obtained. Using these values, the binding energy of perylene excimer can be evaluated as
0.44 eV from the temperature dependence of the transient absorption. By analyzing the band shape of the charge transfer absorption in
near-IR wavelength range, the transfer integralV between a neutral excited state and an ion-pair state can be estimated as 0.37 eV. From
these results, we conclude that the stabilization energy of perylene excimer consists of two components: exciton interaction (70%) and
charge transfer interaction (30%). We also discuss the origin of the stabilization energy of other aromatic excimers on the basis of the
results on perylene excimer. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Excimer is a complex formed between excited and ground
state molecules. It has been studied for many aromatics [1,2].
The formation and decay processes of excimers can be stud-
ied by observing the characteristic excimer fluorescence,
which is red-shifted as compared to the monomer fluores-
cence and is broad and structureless. Excimer seems to be
a good example for studying the intermolecular interaction
in the excited states.

Fig. 1 shows the schematic diagram of the energy levels
of excimer on the basis of theoretical considerations [3–5].
The(M + M∗) state is destabilized at short distances by the
repulsion energyER. At the same time, at short distances,
the excited state is delocalized among two molecules and the
energy level splits into two exciton states by the exciton in-
teraction, i.e., resonance interaction between two electronic
configurations, M∗M and MM∗. The energy separation
between two exciton states is twice that of exciton interac-
tion energyEexc

S . In addition to the exciton interaction, the
charge transfer interaction between the exciton state and
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an ion-pair state is also important. The stabilization energy
ECT

S by the charge transfer interaction becomes pronounced,
when the energy differenceE0 between the exciton state and
the ion-pair state is small. If the sum of the stabilization ener-
gies(Eexc

S +ECT
S ) exceeds the repulsion energyER, excimer

can be formed. The binding energyEB can be defined as

EB = Eexc
S + ECT

S − ER (1)

The lowest energy state of the excimer emits characteristic
fluorescence. On the contrary, the higher excited state of the
excimer can be studied by observing the absorption from the
fluorescent state. Accordingly, combination of fluorescence
and transient absorption spectroscopy are important to study
the origin of the stabilization energy of excimers. Few at-
tempts have been carried out experimentally to understand
the origin of the stabilization energy of excimers [1,5].

Here, we study perylene excimer in toluene. Perylene
molecule has a considerably low ionization potential (7.0 eV
[6]) and a high electron affinity (1.1 eV [6]). Therefore, a
large contribution of the charge transfer interaction to the
stabilization energy of its excimer can be expected. Another
interesting feature of perylene is opto-electronic functions.
Some derivatives of perlyene have been applied for the pho-
tocarrier generating pigments [7] and dye-sensitized solar
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Fig. 1. Energy level diagram for interaction of excimer.

cells [8]. These remarkable functions are ascribed to the
charge transfer character of the lowest excited state [9,10].
Thus, we consider that the study of the electronic structure,
especially the charge transfer character, of perylene excimer
is important to understand these functions in detail.

The formation and decay processes of excimers have
been studied mainly by observing the characteristic excimer
fluorescence spectra [1]. For perylene in fluid solution, it is
difficult to study photophysical processes by fluorescence
spectroscopy. Excimer fluorescence of perylene in fluid
solution is known to be very weak [11], whereas it can be
detected in crystals [12], rigid matrices [13] and LB-films
[14]. Although almost no excimer fluorescence of perylene
is observed in fluid solution, the presence of the excimer in
fluid solution has been confirmed through the measurement
of transient absorption [15,16]. This implies that perylene
excimer has a low quantum yield of fluorescence. The low
solubility of perylene is also a problem for observing the flu-
orescence of perylene excimer. For pyrene solution, which is
the most popular system for observing excimer fluorescence,
the excimer fluorescence becomes dominant in solutions at
concentrations above 10−2 M [1], whereas the solubility of
perylene in toluene is approximately 5× 10−3 M.

In order to study photophysical processes of excimer, con-
centrated solutions have to be used. In the case of concen-
trated solutions (>10−4 M), the reabsorption effect affects
the fluorescence measurements resulting in the reduction
of the intensity in the short wavelength range of the spec-
trum. Also, the lifetime in the longer wavelength range is
seemingly longer than that in the shorter wavelength range.
This is because the primary photons emitted from excited
molecules are absorbed by other solute molecules and, sub-
sequently, these molecules emit fluorescence again. Many

methods have been used to eliminate the reabsorption effect,
i.e., the front surface excitation and observation [1,17], the
correction using a theoretical model [18]. However, these
methods are not sufficient to eliminate the reabsorption
effect. In our opinion, the measurement using a thin cell is
the best option to eliminate the reabsorption effect and has
yielded good results for the measurement of fluorescence
lifetime and spectrum [19,20]. In practice, however, it is
difficult to design a thin cell for precise measurements. In
particular, it is difficult to degas the sample solution in the
thin cell. Degassing the sample solution is important to
minimize the quenching by oxygen. In order to study the
photophysical processes of perylene excimer, the precise
fluorescence measurement techniques need to be developed.

Transient absorption spectroscopy is one of the powerful
tools for probing excited states. The absorption spectrum
of perylene excimer in solution was measured through
transient absorption spectroscopy and was reported in the
visible wavelength range [15] and in the near-IR range
[16]. In the visible range, the spectrum is similar to that
of monomer excited state. Therefore, this band can be as-
signed to the transition from the fluorescent state to the
locally excited state of perylene. On the contrary, in the
near-IR range the characteristic absorption band of excimer
can be observed. This band was assigned to the charge
transfer transition from the fluorescent state to the ion-pair
state [16]. This charge transfer absorption band reflects the
electronic coupling between these states directly. Hence, the
electronic structure of excimer can be studied by observing
the near-IR absorption band.

In this paper, we study the origin of the stabilization en-
ergy of perylene excimer in toluene through fluorescence
and transient absorption spectroscopy. In order to measure
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the fluorescence spectra and its decay profiles under the
condition free from the reabsorption effect, we designed a
thin optical cell with a path length of about 10�m. From
these results, we obtained several photophysical parameters;
the excimer formation rate constant, the peak position, the
quantum yield and the lifetime of the excimer fluorescence.
We found that the formation of perylene excimer is almost
diffusion-controlled. From the measurements of transient ab-
sorption spectra at various temperatures, the binding energy
of perylene excimer can be estimated asEB = 0.44 eV. In
the near-IR wavelength range, the charge transfer absorption
band of excimer can be observed. By analyzing the band
shape, the transfer integralV between a neutral exciton state
and an ion-pair state can be estimated asV = 0.37 eV. From
these results, we conclude that the stabilization energy of
perylene excimer consists of two components: exciton in-
teraction (70%) and charge transfer interaction (30%). We
also discuss the origin of the stabilization energy of other
aromatic excimers on the basis of the results on perylene
excimer.

2. Experimental

Perylene (Wako, GR-grade) was purified by recrystall-
ization. Toluene (Wako, GR-grade) was used as solvent
without further purification. Steady-state absorption and
emission measurements were carried out with absorption
(Shimadzu, UV–Vis 2200) and fluorescence (Hitachi, 850)
spectrophotometers, respectively. The spectral response of
the fluorescence spectrophotometer was corrected with a
standard lamp (Ushio, JPD 100V500WCS). Fluorescence
decay curves were obtained by time-correlated single photon
counting. The apparatus already described elsewhere [21]
was used. The FWHM of the response function of the ap-
paratus was about 60 ps. All the fluorescence measurements
were made at 293 K. To eliminate the reabsorption effect,
the fluorescence measurements were carried out using a thin
optical cell. Fig. 2 shows the thin cell we have constructed.
Exciting light irradiates the sample solution placed between
the two quartz windows and fluorescence emitted from the
thin solution layer is detected. One of the quartz windows
(40 mm in diameter) is attached to the front flange by an
epoxy resin and the other is attached to one end of the stain-
less steel flexible tube. The thickness of the cell can be varied
by changing the spacer (stainless steel foil) and the minimum
thickness attainable is about 10�m. The other end of the
flexible tube is fixed to the back flange. Thus, the absorption
spectrum of the thin layer can also be measured using this
cell. Teflon coated o-rings were used as gaskets to make the
whole cell vacuum-tight. To prepare a sample solution in the
cell, the cell is first evacuated with a vacuum pump and then
the solution already degassed is introduced from a container
connected to the cell. In this way, the thin space between the
windows can be filled with the sample solution. The thick-
ness of the sample solution can be determined precisely by

Fig. 2. Thin optical cell for eliminating the reabsorption effect.

measuring the absorption spectrum. In fact, the thickness of
the sample solutions was determined to be 50 and 12�m,
respectively, when 50 and 10�m thick spacers were used.

For the transient absorption measurements, the 3rd har-
monic pulse (355 nm) from a Nd3+:YAG laser (Continuum,
Surelite II) was used as the pumping light. The pulse du-
ration of the laser was 8 ns. A Xe flash lamp (Hamamatsu,
L4642, 2�s pulse duration) was used as the probe light
source. In the visible range, the spectrum of the probe light
transmitted through the sample was recorded simultaneously
with a gated CCD camera (Roper Scientific, ICCD-MAX)
after being dispersed with a monochromator (Roper Scien-
tific, SP-308) controlled with a computer. In the near-IR
range (800–2400 nm), the probe light was detected with a
photodiode after passing through a monochromator (JASCO,
CT-10 for shorter wavelength range (600–1000 nm) and
Ritsu, MC-10N for longer wavelength range (900–2400 nm)).
A Si-photodiode (Hamamatsu, S-1722) was used for detec-
tion in the range 550–950 nm, an InGaAs-photodiode
(Hamamatsu, G3476-05) for 900–1600 nm range and an
MCT-photodetector (Dorotek, PDI-2TE-4) for 1200–2400
nm range. Signals were processed with a digital oscilloscope
(Tektronix, TDS680C) and analyzed with a computer. The
temperature of the sample solution in a cell was controlled
by circulation of water in a sample holder maintained in a
thermostat (Advantec, LCH-4V).

3. Results and discussion

3.1. Elimination of the reabsorption effect

Fig. 3 shows the steady-state absorption and fluorescence
spectra of perylene in toluene under various conditions. In
this wavelength range, only the monomer fluorescence can
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Fig. 3. Absorption and fluorescence spectra of perylene in toluene: (a)
absorption and fluorescence spectra in a 1 cm cell of a dilute(2.4×10−6 M)

and a concentrated(4.7 × 10−3 M) solutions; (b) fluorescence spectra of
a concentrated(4.7 × 10−3 M) solution in thin cells with thicknesses of
50 and 12�m. The absorption spectrum is recorded with the 12�m cell.

be expected as will be shown in Section 3.3. The spectra us-
ing a conventional 1 cm optical cell are shown in Fig. 3(a).
Excitation and detection were made at the front surface
of the cell. Since the fluorescence spectrum is overlapped
significantly with the absorption spectrum around 440 nm,
the reabsorption effect is expected in this range. A dilute
(2.4 × 10−6 M) solution seems to be free from the reab-
sorption effect. In a concentrated solution(4.7 × 10−3 M)

the relative intensity of the short wavelength part of the
fluorescence spectrum is reduced. It should be noted that
the reabsorption effect is significant even when excitation
and detection are made at the front surface of the cell.
Fig. 3(b) represents the spectra of concentrated solutions
(4.7 × 10−3 M) recorded using the thin cell with 50 and
12�m thicknesses. The fluorescence spectrum using the
1 cm cell is also shown for comparison. When the 12�m cell
is used, the absorbance around 440 nm is low and the reab-
sorption effect is considered to be unimportant. In fact, the
spectrum of the 12�m cell is identical to that of the dilute
solution (2.4 × 10−6 M). This clearly shows that the reab-
sorption effect is effectively eliminated using the thin cell.

Fig. 4. Fluorescence decay profiles of a dilute solution(2.4×10−6 M) and
a concentrated solution(4.7 × 10−3 M) of perylene in toluene observed
at 470 nm in the 1 cm cell and the 12�m cell.

3.2. Rate constant of excimer formation

In many aromatic molecules, the monomer fluorescence
lifetime decreases with increasing concentration of solu-
tion, which is due to the de-excitation of excited molecules
by ground state molecules (self-quenching). Fig. 4 shows
the decay profile observed at 470 nm of a dilute solution
(2.4× 10−6 M) and a concentrated solution(4.7× 10−3 M)

obtained with the 1 cm cell and the 12�m cell at 293 K.
The lifetime of the concentrated solution in the 12�m
cell is shorter than that of the dilute solution. This clearly
shows that the self-quenching occurs in the concentrated
solution. Actually, the lifetime of the concentrated solution
depends on the cell thickness. In fact, the lifetime of the
concentrated solution in 1 cm cell is longer than that of the
dilute solution. This clearly shows that the decay kinetics
of fluorescence is affected by the reabsorption effect.

There are three main possible mechanisms for the
self-quenching of monomer fluorescence, i.e., photochem-
ical reaction, electron transfer, and excimer formation. In
the case of anthracene, self-quenching occurs but almost no
excimer fluorescence has been observed in concentrated so-
lutions [1]. This is due to the photodimerization between the
excited and the ground state molecules. In the present study,
however, perylene is stable during the measurements and,
therefore, self-quenching by photochemical reaction can be
ruled out. Contribution of the electron transfer reaction to
the self-quenching can be checked by considering the free
energy change�G before and after electron transfer. Ac-
cording to the study by Rehm and Weller [22], fluorescence
quenching does not occur efficiently in the case of positive
�G. As we will discuss in Section 3.6, an ion-pair state
(charge separated state) is located above the fluorescent
state of excimer. This indicates that the free energy change
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Fig. 5. Rate processes of the monomer excited state and the excimer of
perylene.

for the electron transfer reaction is positive. Accordingly,
the self-quenching by electron transfer is not efficient.
Thus, excimer formation is most likely as the mechanism
of self-quenching of perylene monomer fluorescence.

Fig. 5 shows the formation and the dissociation of the
excimer D∗ by the reaction of the excited molecule M∗
with the ground state molecule M. In Fig. 5,kform andkdis
represent the rate constants of formation and thermal disso-
ciation of excimer, respectively, andkM

f andkD
f are the rate

constants of fluorescence decay (inverse of the lifetime) of
monomer and excimer, respectively. As shown in Fig. 4, the
fluorescence decay recorded at 293 K can be fitted by single
exponential function so that the dissociation of D∗ into M∗
can be neglected at this temperature. Therefore, using the
Stern–Volmer relation, the rate constant of fluorescence de-
cay kM

f (inverse of the fluorescence lifetimeτM
f ) including

excimer formation can be expressed as

kM
f = k

M0
f + kform[M] (2)

where k
M0
f is the rate constant of fluorescence decay

(inverse of the fluorescence lifetimeτM0
f ) in the absence of

excimer formation and [M] the concentration of the solution.
Accordingly, kform can be obtained from the measurement
of τM

f at several concentrations.
We measured the fluorescence lifetimes of perylene solu-

tions at various concentrations and at three different wave-
lengths (445, 470 and 500 nm) using the 1 cm and the 12�m
cells. The results are listed in Table 1. For a dilute solution
(2.4 × 10−6 M) in the 1 cm cell, the fluorescence lifetimes

Table 1
Fluorescence lifetime of perylene in toluene

Concentration (M) τM
f (1 cm cell) (10−9 s) τM

f (12�m cell) (10−9 s)

445 nm 470 nm 500 nm 445 nm 470 nm 500 nm

2.4 × 10−6 4.6 4.6 4.6 – – –
0.4 × 10−3 5.7 6.1 6.2 4.5 4.5 4.5
2.0 × 10−3 5.2 5.8 6.0 4.3 4.3 4.3
2.8 × 10−3 5.1 5.7 5.9 4.2 4.2 4.2
4.7 × 10−3 4.8 5.4 5.7 3.9 3.9 3.9

Fig. 6. The Stern–Volmer plot of fluorescence decay rate constants in a
1 cm cell and a 12�m cell.

are the same (4.6 ns) at the three different wavelengths. This
is consistent with the fact that the reabsorption effect is not
detected in the fluorescence spectrum at this concentration.
Accordingly, we can take the fluorescence lifetime of the di-
lute solution as the lifetimeτM0

f in the absence of excimer
formation (see Eq. (2)).

For concentrated solutions(0.4–4.7×10−3 M) in the 1 cm
cell, the lifetimes are longer than that in the most dilute so-
lution and increase with increasing observation wavelength.
Within the concentrated solutions, the lifetime decreases
with increasing concentration. This clearly shows that
excimer formation occurs. Fig. 6 represents the Stern–Volmer
relation at different observation wavelengths in the 1 cm
cell. As seen from Fig. 6, the slope changes with the ob-
servation wavelength for the 1 cm cell and the lifetimes
obtained by extrapolating the plots to the zero concentration
do not coincide with the value of the dilute solution. Thus, it
is impossible to obtainkform by measuring the fluorescence
lifetimes of concentrated solutions in the 1 cm cell, because
the lifetimes are affected by the reabsorption effect.

As shown in Fig. 3(b), the reabsorption effect can be
eliminated by using the 12�m cell. Therefore,kform can be
obtained from the lifetime measurements using this cell. For
the concentrated solutions in the 12�m cell, fluorescence
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lifetime does not depend on the observation wavelength
at any concentration. The result using the 12�m cell is
consistent with Eq. (2), namely, the lifetime obtained by
extrapolating to zero concentration coincides with that
in the dilute solution. Hence, from this result, the rate
constantkform of excimer formation can be obtained to
be 8× 109 M−1 s−1.

The rate constant,kdif , of the diffusion-controlled reaction
between the same molecules can be expressed as [1]

kdif = 8RT

3η
(3)

whereη is the viscosity of the solvent. Using the value ofη =
0.59× 10−3 Pa s at 293 K [23] for toluene,kdif is calculated
to be 1.1×1010 M−1 s−1. Thus, we can conclude that the ex-
cimer formation of perylene is almost diffusion-controlled.
For many aromatic molecules, excimer formation in fluid
solution is reported to be diffusion-controlled [1].

3.3. Observation of excimer fluorescence

Excimer fluorescence of aromatic molecules has been ob-
served in the longer wavelength range compared to monomer
fluorescence [1]. Fig. 7 shows the fluorescence spectra of
a concentrated solution(4.7 × 10−3 M) in the 12�m cell
and of a dilute solution(2.4 × 10−6 M) in the 1 cm cell
after normalization at 550 nm. The spectrum obtained by
subtracting the spectrum of the dilute solution from that
of the concentrated solution is also shown. The spectrum
is broad and structureless with the peak around 640 nm
(ED

f = 1.94 eV). The shape and the peak position of the
band are similar to those in crystals (peak: 590 nm) [12] and
LB-films (peak: 605 nm) [14]. Thus, we assign the observed
spectrum to excimer fluorescence. Rigorously speaking,
the peak position of the excimer fluorescence in solution is

Fig. 7. Fluorescence spectra of a dilute solution(2.4 × 10−6 M) in a
1 cm cell (solid line) and of a concentrated solution(4.7 × 10−3 M) in
a 12�m cell (dashed line). The spectra are normalized at 550 nm. The
fluorescence spectrum obtained by subtracting the spectrum of the dilute
solution from that of the concentrated solution is also shown.

Fig. 8. Fluorescence decay profile of a concentrated solution(4.7 ×
10−3 M) observed at 630 nm (dots: observed decay profile; solid line:
fitted decay profile).

slightly red-shifted. This implies that perylene excimer in
solution has a more stable structure than those in crystal and
in LB-film.

To analyze the formation and decay processes of perylene
excimer in more detail, we measured the fluorescence decay
in a concentrated solution(4.7 × 10−3 M) at 630 nm using
the 12�m cell at 293 K (Fig. 8). As shown in Fig. 4, the
decay profile of a concentrated solution observed at 470 nm
(monomer fluorescence) can be fitted by a single exponen-
tial function. On the contrary, the fluorescence decay curve
of the concentrated solution (Fig. 8) monitored at 630 nm
is not a single exponential function but is represented by
a double exponential function. The fast decay component
(3.8 ns) can be assigned to the monomer fluorescence, be-
cause its lifetime coincides with that in a concentrated
solution observed at 470 nm (3.9 ns). The lifetime of the
slow decay component (17.6 ns) is similar to that of the
excimer estimated through nanosecond time-resolved tran-
sient absorption spectroscopy [15]. We, therefore, assign
the long component to the excimer fluorescence. According
to a general analysis of the temporal decay of excimer flu-
orescence [1], monomer fluorescence rises up immediately
and decays exponentially. Excimer fluorescence rises up
concurrently with the decay of monomer fluorescence. In
the present study, however, the rise-up of the excimer flu-
orescence was not observed, probably because the stronger
monomer fluorescence masks the rise-up part of the excimer
fluorescence.

3.4. Binding energy of excimer

The formation and decay processes of excimer under
steady-state condition can be expressed by the following two
equations (see Fig. 5):
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d[M∗]

dt
= I0 − kM

f [M∗] − kform[M][M ∗] + kdis[D
∗] = 0

(4)

d[D∗]

dt
= kform[M][M ∗] − kD

f [D∗] − kdis[D
∗] = 0 (5)

whereI0 is the generation term of monomer excited state by
light irradiation, [M∗] and [D∗] refer to the excited monomer
and excimer concentrations, respectively. The temperature
dependence of the rate constants of the formationkform and
dissociationkdis of excimer can be expressed as

kform = k0
form exp

(
−Eform

a

kT

)
(6)

kdis = k0
dis exp

(
−Edis

a

kT

)
(7)

wherek0’s are the frequency factors andEa’s are the activa-
tion energies. They are assumed to be independent of tem-
perature. The formation of excimer is diffusion-controlled
and, therefore,k0

form andEform
a can be evaluated from the

temperature dependence of the viscosity of the solvent
using Eq. (3). In this way, we obtainedk0

form = 1.14 ×
1012 M−1 s−1 andEform

a = 0.117 eV.
From Eqs. (5)–(7), we obtain following relation:

[D∗]

[M∗]
= k0

form exp(−(Eform
a /kT))

kD
f + k0

dis exp(−(Edis
a /kT))

[M] (8)

In the high temperature limit wherekform[M], kdis � kD
f ,

the reaction reaches dynamical equilibrium. Therefore, the
equilibrium constantK can be expressed as [1]

K = [D∗]

[M∗][M]
= k0

form

k0
dis

exp

[
−Eform

a − Edis
a

kT

]

= k0
form

k0
dis

exp

[
EB

kT

]
(9)

whereEB is the binding energy of the excimer. In Eq. (9), we
take a 1 M solution as the standard state. From the general
thermodynamic relations,K can be given as

K = exp

(
−�G

RT

)
= exp

(
�S

R

)
exp

(
−�H

RT

)
(10)

where�G is the Gibbs free energy change,�S the entropy
change and�H the enthalpy change associated with excimer
formation. By comparing Eq. (9) with Eq. (10),k0

dis can be
estimated. In many aromatic excimers−�Swas reported to
be 80 J mol−1 K−1 [1,5]. We assume that the entropy change
has the same value as perylene excimer. Thus,k0

dis = 1.7×
1016 s−1 can be obtained using the estimated value ofk0

form.
Fig. 9 shows the transient absorption spectrum of a dilute

solution of perylene (10−5 M). At this concentration, the
formation of excimer can be neglected and, therefore, the

Fig. 9. Transient absorption spectra of perylene in dilute solution
(1.0×10−5 M) at 292 K and concentrated(4.7×10−3 M) solution at 292
and 332 K. These spectra are normalized at 710 nm.

peak at 710 nm can be assigned to the absorption of the
monomer excited state of perylene. Fig. 9 also shows the
transient absorption spectra of a concentrated solution(4.7×
10−3 M) at 292 and 332 K. These spectra were normalized
at 710 nm. In both spectra, an additional peak appears at
605 nm and it can be assigned to the absorption due to the
excimer [15]. It may be seen that the shape and intensity
of the excimer band are not sensitive to temperature. The
transient absorption spectra shown in Fig. 9 were recorded
using a CCD camera equipped with an electronic gate. In
this measurement, the gate width (60 ns) is much longer than
the lifetimes of the monomer excited state (3.9 ns) and of the
excimer (17.6 ns) so that these spectra can be considered as
the absorption spectra of these species integrated over their
lifetimes.

Since, we obtained the values of the parameters
k0

form, k0
dis, k

D
f and Eform

a involved in Eq. (8), we can cal-
culate the ratio ([D∗]/[M ∗]) for perylene as a function
of temperature andEdis

a . The solid lines in Fig. 10 show

Fig. 10. [D∗]/[M ∗] as a function of temperature. The solid lines give the
calculated values from Eq. (8) using several values ofEdis

a .
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([D∗]/[M ∗]) calculated from Eq. (8) for variousEdis
a as a

function of temperature. The ratio of the peak height of
transient absorption (Fig. 9) between the monomer excited
state (710 nm) and the excimer (605 nm) gives relative value
of ([D∗]/[M ∗]). As shown in Fig. 9, the absorption spectrum
of the monomer excited state is overlapped with that of the
excimer at 605 nm and, therefore, we subtracted the con-
tribution of the monomer excited state from the spectrum
observed for calculation of relative value of ([D∗]/[M ∗]).
For the perylene excimer, the absorption coefficients of the
monomer excited state and the excimer are not available
so that absolute value of ([D∗]/[M ∗]) cannot be obtained
directly from transient absorption spectra. By fitting calcu-
lated curves with the experimental data shown by closed
circles ([D∗]/[M ∗]) and Edis

a can be estimated to be 0.82
at 292 K and 0.56 eV, respectively. It should be noted that
the simulated curve usingEdis

a = 0.56 eV converges to the
curve of infinite activation energy around room temperature.
This clearly shows that thermal dissociation of perylene ex-
cimer is not important at room temperature. It is consistent
with the observation that the fluorescence decay shown in
Fig. 4 can be fitted to a single exponential function. Using
the values ofEdis

a = 0.56 eV andEform
a = 0.117 eV,EB can

be estimated to be 0.44 eV(−�H = 42 kJ mol−1) from
Eq. (9).

3.5. Quantum yield of excimer fluorescence

Using the parameters obtained in Section 3.4, the quantum
yield of excimer fluorescence can be estimated. The ratio
of the integrated fluorescence intensities(ID

F /IM
F ) of the

excimer and the monomer can be expressed as

ID
F

IM
F

= kD
rad[D

∗]

kM
rad[M

∗]
(11)

where,krad’s are the rate constants of radiative decay. The
rate constant of radiative decay is given by

krad = Φf kf (12)

whereΦ f is the quantum yield of fluorescence. Thus, from
Eqs. (11) and (12), we obtain the following relation:

ID
F

IM
F

= ΦD
f kD

f

ΦM
f kM

f

[D∗]

[M∗]
(13)

From the spectrum shown in Fig. 7, the ratio(ID
F /IM

F )

is found to be 0.0046. We takeΦM
f to be 0.89, which is

a reported value for benzene solution [1] and [D∗]/[M ∗]
to be 0.82 at 292 K. Accordingly, we can estimate the
quantum yieldΦD

f of excimer fluorescence as 0.02 and
also τD

rad(= 1/kD
rad) as 900 ns. The radiative lifetimeτD

rad
of perylene excimer obtained is considerably longer than
that of pyrene (86 ns) and similar to that of benzene (1�s)
and 1-methylnaphthalene (900 ns) [1,2]. The long radiative
lifetime suggests that perylene excimer has a parallel con-
formation. This is because in a molecular complex with a

parallel conformation consisting of molecules having D2h
symmetry such as naphthalene and perylene, the optical
transition between the ground state and the lowest excited
state becomes symmetrically forbidden.

3.6. Estimation of the transfer integral V

According to the Mulliken–Hush theory, the transfer in-
tegral (the electronic coupling matrix element by the charge
transfer interaction)V between a neutral excited state and an
ion-pair state can be expressed as Eq. (14) [24], where the
peak positionνMAX and FWHM�ν1/2 of charge transfer
band are in unit of wavenumbers, the absorption coefficient
εMAX in mol−1 dm3 cm−1 and the separationrD between
molecules is in angstroms:

V = 2.06× 10−2(νMAX εMAX �ν1/2)
1/2

rD
(14)

The transfer integralV can be evaluated if the absorption
coefficient and the band shape are available.

The absorption coefficients of the monomer excited state
of perylene can be estimated by transient absorption spec-
troscopy. We carefully measured the exciting light intensity
and the overlap between the exciting light beam and the
probe light beam for the transient absorption measurements
in the dilute solution of perylene. As a result, the absorp-
tion coefficient of the monomer excited state at 710 nm
was estimated to beε710

M∗ = 17,000 mol−1 dm3 cm−1. In the
transient absorption spectrum of the concentrated solution,
the absorption spectrum of the excimer can be observed as
shown in Fig. 9. From the relation

A605
D∗

A710
M∗

= ε605
D∗

ε710
M∗

[D∗]

[M∗]
(15)

we obtain the absorption coefficientε605
D∗ of the excimer at

605 nm using the value of([D∗]/[M∗]) = 0.82 at 292 K
which has been obtained from Fig. 10. Actually, the ab-
sorption spectrum of the excimer is overlapped with that
of the monomer excited state at 605 nm and, therefore, the
contribution from the monomer excited state has to be sub-
tracted for the evaluation of absorbance ratioA605

D∗ /A710
M∗ .

As a result, the absorption coefficient of the excimer can be
estimated to beε605

D∗ = 15,000 mol−1 dm3 cm−1.
Fig. 11 shows the transient absorption spectrum of a

concentrated solution(4.7 × 10−3 M) of perylene over a
wide wavelength range. We recorded the spectrum just
after excitation, so that the spectrum is not an integrated
one over the lifetimes of the excimer and the monomer
excited state. Therefore, the peak height of the excimer
compared with that of the monomer excited state is slightly
smaller than that in Fig. 9. In the shorter wavelength range,
the peaks of both the excimer (605 nm) and the monomer
excited state (710 nm) are observed. In the near-IR range
an additional peak around 1350 nm can be observed. This
peak is assigned to the charge transfer transition of the
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Fig. 11. Transient absorption spectrum of perylene in concentrated solution
(4.7 × 10−3 M) in the wavelength range 550–2200 nm.

excimer [16]. The absorption coefficientε1350
D∗ at 1350 nm

can be estimated by comparing its absorption intensity
with that at 605 nm. As a result,ε1350

D∗ was estimated to
be 12,000 mol−1 dm3 cm−1. Using the values ofνMAX =
7400 cm−1, εMAX = 12,000 mol−1 dm3 cm−1, �ν1/2 =
2600 cm−1 and rD = 0.33 nm, the transfer integralV can
be estimated to be 0.37 eV.

At present, few attempts have been made to estimateV of
charge transfer complexes in excited states, so that it is diffi-
cult to discuss the relation between the transfer integral and
the molecular structures of a donor and an acceptor. Mataga
[25] reported the transfer integralV of molecular complexes
in the excited state of 1-cyanonaphthalene–naphthalene
exciplex to be 0.4–0.5 eV from the analysis of exciplex flu-
orescence. Gould et al. [26] also estimatedV to be 0.167 eV
for tetracyanoanthracene–alkylbenzene and 0.161 eV for
dicyanoanthracene–alkylbenzene exciplexes from the anal-
ysis of absorption and fluorescence spectrum. It seems that
V = 0.37 eV estimated for perylene excimer is similar to
those of exciplexes reported.

According to the perturbation theory, the transition energy
ECT of CT absorption band can be expressed as

ECT = E0

(
1 + 4V 2

E2
0

)1/2

(16)

E0 = EIP − Eexciton (17)

where E0 is the energy difference between an exciton
stateEexciton and an ion-pair stateEion shown in Fig. 1.
We observed the peak of charge transfer band at 0.92 eV
(1350 nm) and estimatedV as 0.37 eV. Thus, the energy
differenceE0 between an exciton state and an ion-pair state
is found to be 0.55 eV. As shown in Fig. 9, the absorption
band of the excimer is not similar to a cation (546 nm [27])
and an anion (578 nm [27]) absorption bands. Therefore,
the initial state (fluorescent state) of the near-IR transition
can be considered as the neutral electronic state.

3.7. Origin of the stabilization energy of perylene excimer

As given in Eq. (1), the binding energyEB of excimer
can be expressed by three contributions: the repulsion en-
ergy ER, the stabilization energy by the charge transfer
interactionECT

S and by the exciton interactionEexc
S . The

repulsion energyER of excimer formation has not been
estimated experimentally. However, theoretical estimation
of the repulsion energy has been made [3,28]. Thus, we
assumeER = 0.2 eV. The stabilization energy by the CT
interaction can be evaluated from the peak positionECT
of the near-IR band and the energy difference between the
excimer state and the ion-pair stateE0 as follows:

ECT
S = 1

2(ECT − E0) (18)

In Section 3.6, we estimatedE0 = 0.55 eV for perylene
excimer andECT = 0.92 eV from the peak position of
the near-IR absorption of the excimer. Thus,ECT

S can be
evaluated to be 0.19 eV. Using these values,Eexc

S can be
evaluated from Eq. (1) to be 0.45 eV. This shows that the
stabilization of perylene excimer is mainly due to the exci-
ton interaction (70%) and a small contribution comes from
the CT interaction (30%).

The photophysical parameters and the energy levels ob-
tained in this study are summarized in Fig. 12. Monomer
excited state of perylene emits strong fluorescence around
445 nm(EM

f = 2.79 eV). The lifetime of the monomer ex-
cited state was obtained asτM

f = 4.6 ns. Perylene excimer
is efficiently formed with the diffusion-limited rate(kform =
8×109 M−1 s−1). Weak excimer fluorescence(ΦD

f = 0.02)
can be observed around 640 nm(ED

f = 1.94 eV) with life-
time of τD

f = 17.6 ns. The excimer is significantly stable
and the binding energy was estimated asEB = 0.44 eV.
The transfer integralV between a neutral exciton state
and an ion-pair state was estimated asV = 0.37 eV from
the analysis of the near-IR absorption band at 1350 nm
(ECT = 0.92 eV). Thus, the energy differenceE0 between
a neutral excited state and an ion-pair state was estimated
asE0 = 0.55 eV. From these results, the stabilization en-
ergies by the charge transfer and the exciton interactions
were estimated asECT

S = 0.19 eV andEexc
S = 0.45 eV,

respectively.

3.8. Comparison with other aromatic excimers

In this section, we discuss the contribution of the
charge transfer interaction to the stabilization energy in
other aromatic excimers, i.e., benzene, toluene, naph-
thalene, 1-methylnaphthalene, anthracene, pyrene and
1,12-benzoperylene. As shown in Fig. 1, the charge transfer
interaction comes from the mixing between the exciton state
and the ion-pair state. The stabilization energy due to the
charge transfer interaction can be estimated from Eq. (18)
when the energy gapE0 between the exciton state and the
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Fig. 12. Photophysical parameters and the energy levels of perylene excimer obtained in this study.

ion-pair state is known. As shown in Fig. 1, the energy
Eexciton of the exciton state in Eq. (17) can be expressed as

Eexciton = ED
f + ECT

S (19)

Using Eqs. (16) and (18),Eexciton can be written as

Eexciton = ED
f + 1

2


E0

(
1 + 4V 2

E2
0

)1/2

− E0


 (20)

The energyEIP of the ion-pair state in Eq. (17) is estimated
on the basis of the model presented previously [16]. The
ion-pair can be considered as a pair state of a cation and
an anion which are separated by the distancerD, so that
we estimate the energy of the ion-pair stateEcalc

IP using the
relation

Ecalc
IP = Ig − EA + P+ + P− + C (21)

whereIg is the ionization potential of a molecule in the gas
phase,EA the electron affinity in the gas phase,P+ and
P− are the polarization energies induced by a cation and an
anion, respectively, andC is the Coulomb interaction energy.
Ig’s andEA’s of the compounds studied are available from
literature and the polarization energyP can be estimated by
Born’s formula [29]

P = P+ = P− = − e2

8πεε0R

[
1 −

(
1

ε

)]
(22)

wheree is the elementary charge,ε the dielectric constant
of the medium,ε0 the permitivity of the vacuum andR the
effective radius of the ion. It has been known that Born’s
formula gives reasonable values when the van der Waals

radiusRvdW [30] is used as the effective radiusR of the ion
[31]. Therefore, we takeRvdW of the molecules studied as
the effective radius of the corresponding ions. We use the
square of the refractive indexn2 as ε because the solvent
used is nonpolar. The magnitude ofC can be estimated as

C = − e2

4πεε0rD
(23)

The distance was assumed to berD = 0.33 nm following the
theoretical calculation of naphthalene excimer [28]. Thus,
we can estimate the energyEcalc

IP of the ion-pair state.
Quantitative discussion ofE0 estimated using the above

model is not easy because of its oversimplification. There-
fore, we add the correction factorF to the expression ofE0.
From Eqs. (17) and (20), we obtain following relation:

Ecalc
0 = (Ecalc

IP − ED
f + F)2 − V 2

Ecalc
IP − ED

f + F
(24)

In the case of perylene, we already estimatedV = 0.37 eV
and E0 = 0.55 eV in Section 3.6. From these values, the
correction factorF can be evaluated to beF = 0.93. There-
fore, E0 for other excimers can be estimated if we assume
the transfer integralV.

Fig. 13 shows the peak positionEobs
CT of the charge transfer

absorption in aromatic excimers as a function of the energy
differenceEcalc

0 . In the calculation, we assumed thatV is
the same as that of perylene(V = 0.37 eV). In Table 2, the
values calculated are listed. It seems thatEobs

CT deviates from
the straight line (dashed line in Fig. 13,Ecalc

0 = Eobs
CT ) at

smallEcalc
0 . This clearly shows that the contribution ofECT

S
to the stabilization energy of excimers is important. The solid
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Fig. 13. The peak energy of the near-IR absorption band of various
excimers as a function ofEcalc

0 . A number in the figure represents the
compounds listed in Table 2. Dashed line: no contribution from the charge
transfer interaction. Solid line: the peak position calculated from Eq. (16)
using the value ofV = 0.37 eV.

curve in Fig. 13 shows the peak position estimated from
Eq. (16) using the value ofV = 0.37 eV. At smallEcalc

0 , the
peak energies are well fitted by the solid line. This indicates
that these excimers have a similar transfer integralV.

As we discussed, the contribution of the charge transfer
interaction to the stabilization energy of excimer decreases

Table 2
Parameters for estimation ofE0

No. Compound Solvent Ig
a,b

(eV)
EA

c,d,e

(eV)
Pf

(eV)
RvdW

g

(nm)
n2h Ci (eV) Ecalc

IP
j ED

f
k,d

(eV)
Ecalc

0
l

(eV)
Eobs

CT
m,n

(eV)
Eb

o

(eV)

1 Benzene Liquid 9.17 −1.40 −1.51 0.268 2.28 −1.91 6.57 3.88 2.64 2.38 0.22
2 Benzene Cyclohexane 9.17 −1.40 −1.36 0.268 2.02 −2.16 6.63 3.75 2.83 2.50 0.22
3 Toluene Liquid 8.67 −1.30 −1.39 0.286 2.23 −1.96 6.17 3.87 2.24 2.23p 0.17
4 Naphthalene Gas 8.12 −0.20 0.00 0.309 1.00 −4.36 4.89 3.17 1.64 1.80 0.25
5 1-Methylnaphthalene Liquid 7.95 −0.20 −1.38 0.323 2.62 −1.66 4.66 3.05 1.52 1.40 0.25
6 Anthracene Liquid 7.36 0.60 −1.43 0.341 3.12 −1.40 3.42 2.27q 1.04 1.30
7 Anthracene Benzene 7.36 0.60 −1.18 0.341 2.28 −1.91 3.41 2.27 1.02 1.14
8 Pyrene Cyclohexane 7.37 0.50 −1.03 0.352 2.02 −2.16 3.58 2.58 0.86 1.05 0.4
9 1,12-Benzoperylene Toluene 7.12 0.60−1.03 0.386 2.23 −1.96 3.44 2.58 0.70 1.03r

10 Perylene Toluene 6.90 1.10 −1.05 0.378 2.23 −1.96 2.67 1.94s 0.55 0.92s 0.44

a Ionization potential in the gas phase.
b Ref. [32].
c Electron affinity in the gas phase.
d Ref. [1].
e Ref. [6].
f Polarization energy.
g van der Waals radius.
h Refractive index of the solvent.
i Coulomb energy.
j Energy of ion-pair state calculated.
k Peak energy of excimer fluorescence.
l Energy difference between an exciton state and an ion-pair state calculated from Eq. (24).
m Peak energy of charge transfer band observed.
n Ref. [16].
o Binding energy of excimer.
p Ref. [33].
q The value for benzene solution.
r Ref. [34].
s Present result.

Fig. 14. The binding energyEB of aromatic excimers as a function ofEcalc
0 .

The origin of the binding energy of excimer is also shown schematically
using the constant value ofEexc

S = 0.45 eV andER = 0.2 eV.

with decreasing size of the molecule. In order to discuss
the origin of the stabilization energy in various aromatic
excimers, we plot the reported values of the binding energy
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EB(= Eexc
S + ECT

S − ER) of excimer as a function ofEcalc
0

in Fig. 14. It seems thatEB decreases with decreasing the
size of the molecule. This indicates that the decrease in the
charge transfer interaction is at least partly responsible for
the decrease of the binding energy of excimer. The solid
line in Fig. 14 showsEB evaluated using the constant values
of Eexc

S = 0.45 eV andER = 0.2 eV. In the case of small
molecules,EB observed is smaller than that estimated.
This suggests that the stabilization energyEexc

S of exciton
interaction decreases with decreasing molecular size.

4. Conclusion

We study the origin of the stabilization energy of pery-
lene excimer in toluene through fluorescence and transient
absorption spectroscopy. In order to eliminate the reab-
sorption effect, we designed a thin optical cell with a path
length of about 10�m for the precise measurements of the
fluorescence decay profiles and the spectra (Section 3.1).
From the measurement of decay profile of the fluorescence
of monomer excited state using the thin cell, it was found
that the excimer formation is almost diffusion-controlled
(Section 3.2). In longer wavelength range of the fluores-
cence spectrum, we can measure very weak excimer flu-
orescence spectrum. We also observed fluorescence decay
of the excimer fluorescence (Section 3.3). From the result
of temperature dependence of the transient absorption,
the binding energy of perylene excimer can be estimated
(Section 3.4). Using the photophysical parameters obtained,
we estimated the quantum yield of the excimer fluorescence
(Section 3.5). In the near-IR wavelength range, the charge
transfer absorption band of excimer can be observed. By
analyzing the band shape, the transfer integralV between
a neutral exciton state and an ion-pair state can be esti-
mated (Section 3.6). From these results, we conclude that
the stabilization energy of perylene excimer consists of two
components: exciton interaction (70%) and charge transfer
interaction (30%) (Section 3.7). We discuss the origin of
the stabilization energy of other aromatic excimers on the
basis of the results on perylene excimer (Section 3.8).
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