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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 ofieioout 10
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 integf&letween 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 an ion-pair state is also important. The stabilization energy

EST by the charge transfer interaction becomes pronounced,
Excimer is a complex formed between excited and ground when the energy differend& between the exciton state and

state molecules. It has been studied for many aromatics [1,2].the ion-pair state is small. If the sum of the stabilization ener-

The formation and decay processes of excimers can be studgies(ES*°+ EgT) exceeds the repulsion enerigy, excimer

ied by observing the characteristic excimer fluorescence,can be formed. The binding energy can be defined as

which is red-shifted as compared to the monomer fluores-

cence and is broad and structureless. Excimer seems to bésB =E

a good example for studying the intermolecular interaction The |owest energy state of the excimer emits characteristic
in the excited states. o fluorescence. On the contrary, the higher excited state of the
Fig. 1 shows the schematic diagram of the energy levels gxcimer can be studied by observing the absorption from the
of excimer on the basis of theoretical considerations [3-5]. fiyorescent state. Accordingly, combination of fluorescence
The (M + M) state is destabilized at short distances by the gnd transient absorption spectroscopy are important to study
repulsion energyEr. At the same time, at short distances, the origin of the stabilization energy of excimers. Few at-

the excited state is delocalized among two molecules and theempts have been carried out experimentally to understand
energy level splits into two exciton states by the exciton in- e origin of the stabilization energy of excimers [1,5].
teraction, i.e., resonance interaction between two electronic  pere, we study perylene excimer in toluene. Perylene
configurations, MM and MM®. The energy separation  molecule has a considerably low ionization potential (7.0 eV
between two exciton states is twice that of exciton interac- [6]) and a high electron affinity (1.1eV [6]). Therefore, a
tion energyEg™. In addition to the exciton interaction, the  |5rge contribution of the charge transfer interaction to the
charge transfer interaction between the exciton state andstapilization energy of its excimer can be expected. Another
interesting feature of perylene is opto-electronic functions.
* Corresponding author. Tek:81-298-61-4517; fax:+81-298-61-4840.  Some derivatives of perlyene have been applied for the pho-
E-mail addressr-katoh@aist.go.jp (R. Katoh). 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 methods have been used to eliminate the reabsorption effect,
charge transfer character of the lowest excited state [9,10].i.e., the front surface excitation and observation [1,17], the
Thus, we consider that the study of the electronic structure, correction using a theoretical model [18]. However, these
especially the charge transfer character, of perylene excimemmethods are not sufficient to eliminate the reabsorption
is important to understand these functions in detail. effect. In our opinion, the measurement using a thin cell is
The formation and decay processes of excimers havethe best option to eliminate the reabsorption effect and has
been studied mainly by observing the characteristic excimeryielded good results for the measurement of fluorescence
fluorescence spectra [1]. For perylene in fluid solution, it is lifetime and spectrum [19,20]. In practice, however, it is
difficult to study photophysical processes by fluorescence difficult to design a thin cell for precise measurements. In
spectroscopy. Excimer fluorescence of perylene in fluid particular, it is difficult to degas the sample solution in the
solution is known to be very weak [11], whereas it can be thin cell. Degassing the sample solution is important to
detected in crystals [12], rigid matrices [13] and LB-films minimize the quenching by oxygen. In order to study the
[14]. Although almost no excimer fluorescence of perylene photophysical processes of perylene excimer, the precise
is observed in fluid solution, the presence of the excimer in fluorescence measurement technigues need to be developed.
fluid solution has been confirmed through the measurement Transient absorption spectroscopy is one of the powerful
of transient absorption [15,16]. This implies that perylene tools for probing excited states. The absorption spectrum
excimer has a low quantum yield of fluorescence. The low of perylene excimer in solution was measured through
solubility of perylene is also a problem for observing the flu- transient absorption spectroscopy and was reported in the
orescence of perylene excimer. For pyrene solution, which isvisible wavelength range [15] and in the near-IR range
the most popular system for observing excimer fluorescence,[16]. In the visible range, the spectrum is similar to that
the excimer fluorescence becomes dominant in solutions atof monomer excited state. Therefore, this band can be as-
concentrations above 18M [1], whereas the solubility of  signed to the transition from the fluorescent state to the
perylene in toluene is approximatelyx510~3 M. locally excited state of perylene. On the contrary, in the
In order to study photophysical processes of excimer, con- near-IR range the characteristic absorption band of excimer
centrated solutions have to be used. In the case of concenean be observed. This band was assigned to the charge
trated solutions (>10* M), the reabsorption effect affects transfer transition from the fluorescent state to the ion-pair
the fluorescence measurements resulting in the reductionstate [16]. This charge transfer absorption band reflects the
of the intensity in the short wavelength range of the spec- electronic coupling between these states directly. Hence, the
trum. Also, the lifetime in the longer wavelength range is electronic structure of excimer can be studied by observing
seemingly longer than that in the shorter wavelength range.the near-IR absorption band.
This is because the primary photons emitted from excited In this paper, we study the origin of the stabilization en-
molecules are absorbed by other solute molecules and, subergy of perylene excimer in toluene through fluorescence
sequently, these molecules emit fluorescence again. Manyand transient absorption spectroscopy. In order to measure
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the fluorescence spectra and its decay profiles under the To vacuum pump
condition free from the reabsorption effect, we designed a

thin optical cell with a path length of about fiin. From Va'“’%

these results, we obtained several photophysical parameters Spacer

1 (Stainless Steel foil)

the excimer formation rate constant, the peak position, the Sodkat
guantum yield and the lifetime of the excimer fluorescence. ~ Quartz
We found that the formation of perylene excimer is almost B
diffusion-controlled. From the measurements of transient ab-
sorption spectra at various temperatures, the binding energy Absorption
of perylene excimer can be estimatedias= 0.44eV. In -
the near-IR wavelength range, the charge transfer absorptior
band of excimer can be observed. By analyzing the band
shape, the transfer integidlbetween a neutral exciton state

and an ion-pair state can be estimated’as 0.37 eV. From

these results, we conclude that the stabilization energy of L]
perylene excimer consists of two components: exciton in-

teraction (70%) and charge transfer interaction (30%). We . 110 mm g

also discuss the origin of the stabilization energy of other

aromatic excimers on the basis of the results on perylene Fig. 2. Thin optical cell for eliminating the reabsorption effect.
excimer.

Fluorescence

Stainless flexible tube Excitation

Epoxy resin

measuring the absorption spectrum. In fact, the thickness of
the sample solutions was determined to be 50 andm?2
respectively, when 50 and 10n thick spacers were used.
For the transient absorption measurements, the 3rd har-
monic pulse (355 nm) from a Nd:YAG laser (Continuum,
Surelite 1) was used as the pumping light. The pulse du-
ration of the laser was 8 ns. A Xe flash lamp (Hamamatsu,

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
emi_ssion measure_ments were carried out With abs_orptionL4642’ 2us pulse duration) was used as the probe light
S)Zg?r?)?)ﬁ:)’t:n\w/e_t\grss Zrzez(?))eig\cjeﬁyo'ltiseczggitgIticsr;;)r?gg)ofource' In the visible range, the spectrum of the probe light

' ) ; ransmitted through the sample was recorded simultaneously
the fluorescence spectrophotometer was corrected with ayith a gated CCD camera (Roper Scientific, ICCD-MAX)
standard lamp (Ushio, JPD 100V500WCS). Fluorescence '

decay curves were obtained by time-correlated single ho'[ona]cter being dispersed with a monochromator (Roper Scien-
y y gep tific, SP-308) controlled with a computer. In the near-IR

counting. The apparatus already described elsewhere [21]range (800-2400 nm), the probe light was detected with a

W::a\ttssev?/éggioi\ivgolw SOf Atlrl]?hreezgg?ess?c;unr::?(r)nne;);:u?:n?gr; i hotodiode after passing through a monochromator (JASCO,
b PS. T-10 for shorter wavelength range (600-1000nm) and

were made at 293 K. To eliminate the reabsorption effect, Ritsu, MC-10N for longer wavelength range (900—2400 nm)).

the fluorescence measurements were carried out using athirA Si-photodiode (Hamamatsu, S-1722) was used for detec-
optical cell. Fig. 2 shows the thin cell we have constructed. tion l?n the range 550-950 ’nm an InGaAs-photodiode

Exciting light irradiates the sample solution placed between (Hamamatsu, G3476-05) for 900-1600nm range and an

thg two q_uartz quows and fluorescence emitted frlom the MCT-photodetector (Dorotek, PDI-2TE-4) for 1200-2400
thin solution layer is detected. One of the quartz windows : . - X
nm range. Signals were processed with a digital oscilloscope

(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-(Tektromx’ TDS680C) and analyzed with a computer. The

less steel flexible tube. The thickness of the cell can be Variedtemperature of the sample solution in a cell was gontrc_)lled
. . . - by circulation of water in a sample holder maintained in a

by changing the spacer (stainless steel foil) and the minimum, oot (Advantec, LCH-4V)

thickness attainable is about L. 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 the3. Results and discussion

whole cell vacuum-tight. To prepare a sample solution in the

cell, the cell is first evacuated with a vacuum pump and then 3.1. Elimination of the reabsorption effect

the solution already degassed is introduced from a container

connected to the cell. In this way, the thin space between the Fig. 3 shows the steady-state absorption and fluorescence

windows can be filled with the sample solution. The thick- spectra of perylene in toluene under various conditions. In

ness of the sample solution can be determined precisely bythis wavelength range, only the monomer fluorescence can
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005F Fi _
Lo = In many aromatic molecules, the monomer fluorescence
oL lifetime decreases with increasing concentration of solu-
SN R R tion, which is due to the de-excitation of excited molecules
350 400 450 500 550 by ground state molecules (self-quenching). Fig. 4 shows
Wavelength / nm the decay profile observed at 470 nm of a dilute solution

4 . _ (2.4 x 10-°M) and a concentrated soluti@d.7 x 10~3 M)
Fig. 3. Absorption and fluorescence spectra of perylene in toluene: (a) obtained with the 1cm cell and the fi2n cell at 293K

absorption and fluorescence spectra in a 1 cm cell of a dif.dec10-% M) D . )
and a concentrategh.7 x 103 M) solutions; (b) fluorescence spectra of 1€ lifetime of the concentrated solution in the /&

a concentrated4.7 x 10~3M) solution in thin cells with thicknesses of  cell is shorter than that of the dilute solution. This clearly
50 and 12wm. The absorption spectrum is recorded with theuir2cell. shows that the self-quenching occurs in the concentrated
solution. Actually, the lifetime of the concentrated solution
be expected as will be shown in Section 3.3. The spectra us-depends on the cell thickness. In fact, the lifetime of the
ing a conventional 1 cm optical cell are shown in Fig. 3(a). concentrated solution in 1 cm cell is longer than that of the
Excitation and detection were made at the front surface dilute solution. This clearly shows that the decay kinetics
of the cell. Since the fluorescence spectrum is overlappedof fluorescence is affected by the reabsorption effect.
significantly with the absorption spectrum around 440nm, There are three main possible mechanisms for the
the reabsorption effect is expected in this range. A dilute self-quenching of monomer fluorescence, i.e., photochem-
(2.4 x 10°8M) solution seems to be free from the reab- ical reaction, electron transfer, and excimer formation. In
sorption effect. In a concentrated solutich7 x 10~3M) the case of anthracene, self-quenching occurs but almost no
the relative intensity of the short wavelength part of the excimer fluorescence has been observed in concentrated so-
fluorescence spectrum is reduced. It should be noted thatlutions [1]. This is due to the photodimerization between the
the reabsorption effect is significant even when excitation excited and the ground state molecules. In the present study,
and detection are made at the front surface of the cell. however, perylene is stable during the measurements and,
Fig. 3(b) represents the spectra of concentrated solutionstherefore, self-quenching by photochemical reaction can be
(4.7 x 1073 M) recorded using the thin cell with 50 and ruled out. Contribution of the electron transfer reaction to
12pm thicknesses. The fluorescence spectrum using thethe self-quenching can be checked by considering the free
1 cm cellis also shown for comparison. When theuh2 cell energy change\G before and after electron transfer. Ac-
is used, the absorbance around 440 nm is low and the reabeording to the study by Rehm and Weller [22], fluorescence
sorption effect is considered to be unimportant. In fact, the quenching does not occur efficiently in the case of positive
spectrum of the 1@m cell is identical to that of the dilute  AG. As we will discuss in Section 3.6, an ion-pair state
solution (2.4 x 10-8M). This clearly shows that the reab- (charge separated state) is located above the fluorescent
sorption effect is effectively eliminated using the thin cell. 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. 1cmCell

0~14-.‘..i....i....i....l...
for the electron transfer reaction is positive. Accordingly, 0 1 2 3 4 5
the self-quenching by electron transfer is not efficient. Concentration / 10° M

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 ¥ by the reaction of the excited molecule*M
with the ground state molecule M. In Fig. Korm andKgis are the same (4.6 ns) at the three different wavelengths. This
represent the rate constants of formation and thermal disso4s consistent with the fact that the reabsorption effect is not
ciation of excimer, respectively, ariaﬁ" andkfD are therate  detected in the fluorescence spectrum at this concentration.
constants of fluorescence decay (inverse of the lifetime) of Accordingly, we can take the fluorescence lifetime of the di-
monomer and excimer, respectively. As shown in Fig. 4, the lute solution as the Iifetimef'\"‘J in the absence of excimer
fluorescence decay recorded at 293 K can be fitted by singleformation (see Eq. (2)).
exponential function so that the dissociation ¢f iDto M* For concentrated solutiori8.4—47x 103 M) in the 1 cm
can be neglected at this temperature. Therefore, using thecell, the lifetimes are longer than that in the most dilute so-
Stern—\Volmer relation, the rate constant of fluorescence de-lution and increase with increasing observation wavelength.
caykf"" (inverse of the fluorescence Iifetimé") including Within the concentrated solutions, the lifetime decreases

Fig. 6. The Stern—Volmer plot of fluorescence decay rate constants in a
lcm cell and a 12m cell.

excimer formation can be expressed as with increasing concentration. This clearly shows that
" v excimer formation occurs. Fig. 6 represents the Stern—\Volmer
ki" = ki + korm[M] (2) relation at different observation wavelengths in the 1cm

Mo cell. As seen from Fig. 6, the slope changes with the ob-
where k"° is the rate constant of fluorescence decay servation wavelength for the 1cm cell and the lifetimes
(inverse of the fluorescence Iifetimé"o) in the absence of  obtained by extrapolating the plots to the zero concentration
excimer formation and [M] the concentration of the solution. do not coincide with the value of the dilute solution. Thus, it
Accordingly, kiorm can be obtained from the measurement is impossible to obtaiksom by measuring the fluorescence
of tM at several concentrations. lifetimes of concentrated solutions in the 1 cm cell, because

We measured the fluorescence lifetimes of perylene solu-the lifetimes are affected by the reabsorption effect.
tions at various concentrations and at three different wave- As shown in Fig. 3(b), the reabsorption effect can be
lengths (445, 470 and 500 nm) using the 1cm and theh2  eliminated by using the 12m cell. Thereforeksorm can be
cells. The results are listed in Table 1. For a dilute solution obtained from the lifetime measurements using this cell. For
(2.4 x 1075M) in the 1cm cell, the fluorescence lifetimes the concentrated solutions in the d& cell, fluorescence

Table 1
Fluorescence lifetime of perylene in toluene
Concentration (M) ™ (Lem cell) (10°s) ™ (12pm cell) (107°s)

445 nm 470nm 500 nm 445nm 470 nm 500 nm
2.4%x10° 4.6 4.6 4.6 - - _
0.4 x 1073 5.7 6.1 6.2 45 45 45
20x 1073 5.2 5.8 6.0 4.3 4.3 4.3
28x 1073 5.1 5.7 5.9 4.2 4.2 4.2

47 x 1073 4.8 5.4 5.7 3.9 3.9 3.9
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lifetime does not depend on the observation wavelength r L L L I B LS
at any concentration. The result using thep2 cell is 3 . Thin Cell
consistent with Eg. (2), namely, the lifetime obtained by A C=47x10°M

extrapolating to zero concentration coincides with that

3
in the dilute solution. Hence, from this result, the rate %10 3 Monomer: Ay, =630 NM E
constantksorm Of excimer formation can be obtained to S 3.8ns
be 8x 10°M~1s1. E
The rate constankg;s, of the diffusion-controlled reaction §
between the same molecules can be expressed as [1] § e Excimer: 17.6 ns
(0] - - : -
o
kdif = 8RT 3) £
3n r-

wheren is the viscosity of the solvent. Using the valuejof
0.59x 103 Pas at 293K [23] for toluendyj; is calculated
to be 11x 101°M~1s~1. Thus, we can conclude that the ex- 100 b L L b
cimer formation of perylene is almost diffusion-controlled. 0 10 20 _ 30 40 50 60
For many aromatic molecules, excimer formation in fluid Time /ns

solution is reported to be diffusion-controlled [1]. Fig. 8. Fluorescence decay profile of a concentrated solutibh x
10~3M) observed at 630nm (dots: observed decay profile; solid line:
fitted decay profile).

3.3. Observation of excimer fluorescence

Excimer fluorescence of aromatic molecules has been ob-sjightly red-shifted. This implies that perylene excimer in
served in the longer wavelength range compared to monomersolution has a more stable structure than those in crystal and
fluorescence [1]. Fig. 7 shows the fluorescence spectra ofin LB-film.

a concentrated solutio@.7 x 10-3M) in the 12um cell To analyze the formation and decay processes of perylene
and of a dilute solution2.4 x 10°®M) in the 1cm cell  excimer in more detail, we measured the fluorescence decay
after normalization at 550 nm. The spectrum obtained by in a concentrated solutio@#.7 x 1073 M) at 630 nm using
subtracting the spectrum of the dilute solution from that the 12um cell at 293K (Fig. 8). As shown in Fig. 4, the

of the concentrated solution is also shown. The spectrum decay profile of a concentrated solution observed at 470 nm
is broad and structureless with the peak around 640 nmmonomer fluorescence) can be fitted by a single exponen-
(EP = 1.94eV). The shape and the peak position of the tjal function. On the contrary, the fluorescence decay curve
band are similar to those in crystals (peak: 590 nm) [12] and of the concentrated solution (Fig. 8) monitored at 630 nm
LB-films (peak: 605 nm) [14]. Thus, we assign the observed s not a single exponential function but is represented by
spectrum to excimer fluorescence. Rigorously speaking,a double exponential function. The fast decay component
the peak position of the excimer fluorescence in solution is (3.8 ns) can be assigned to the monomer fluorescence, be-
cause its lifetime coincides with that in a concentrated

. solution observed at 470nm (3.9ns). The lifetime of the
- slow decay component (17.6ns) 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.

-
T

(Gonc - Dilute) ]
X500 s

o
3
—

o
o
T

o
SN
T

o
N
—

Fluorescence Intensity / arb. unit

old iy iy
400 450 500 550 600 650 700

Wavelength / nm

3.4. Binding energy of excimer
Fig. 7. Fluorescence spectra of a dilute soluti@4 x 10°6M) in a
1cm cell (solid line) and of a concentrated solutiGh? x 1073 M) in The formation and decay processes of excimer under

a 12um cell (dashed line). The spectra are normalized at 550 nm. The teadyv-stat diti b d by the following t
fluorescence spectrum obtained by subtracting the spectrum of the diluteS eady-state condition can be expressed by the tofiowing two

solution from that of the concentrated solution is also shown. equations (see Fig. 5):
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d[g/lt*] =1lo— k1!v| [M *] - kform[M][M *] + kdis[D*] =0
4)
d[i*] = kiorm[M][M *] — kP[D*] — kgis[D*] =0 (5)

wherelg 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 formajgm and
dissociationkgis of excimer can be expressed as

0 form
ktorm = korm €XP| — ET (6)
0 dis
kdis = kgisexp| — k&'ll' (7)

wherek?’s are the frequency factors afid’s are the activa-
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Fig. 9. Transient absorption spectra of perylene in dilute solution
(1.0x 107°M) at 292K and concentrated.7 x 10-3 M) solution at 292
and 332 K. These spectra are normalized at 710 nm.

peak at 710nm can be assigned to the absorption of the

tion energies. They are assumed to be independent of temimonomer excited state of perylene. Fig. 9 also shows the

perature. The formation of excimer is diffusion-controlled
and, thereforek?  and EP°™ can be evaluated from the
temperature dependence of the viscosity of the solvent
using Eq. (3). In this way, we obtained, = = 1.14 x
10°M~1standE°™ = 0.117eV.

From Egs. (5)—(7), we obtain following relation:

[D*] _ Ko EXR(—(EZ™/KT)
M*] kP + kG exp(—(EJis/KT))

[M] (8)

In the high temperature limit whergorm[M], kgis > ka,
the reaction reaches dynamical equilibrium. Therefore, the
equilibrium constanK can be expressed as [1]

— [D*] _ kg)rm Xp|: E;orm — Egis:|
MM~ 10, kT
kf%rm Ep
= ké’is exp[ﬁ] (9)

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

r)-oo(%) oo(-5r)
whereAG is the Gibbs free energy changeSthe entropy
change anadH the enthalpy change associated with excimer
formation. By comparing Eq. (9) with Eq. (1098iS can be
estimated. In many aromatic excimer&\Swas reported to
be 80 Jmot1 K1 [1,5]. We assume that the entropy change
has the same value as perylene excimer. Tk&gs,: 1.7 x
10*®s~1 can be obtained using the estimated valuglf. .

Fig. 9 shows the transient absorption spectrum of a dilute
solution of perylene (1% M). At this concentration, the
formation of excimer can be neglected and, therefore, the

K = exp( (10)

transient absorption spectra of a concentrated sol@iagh
10-3M) at 292 and 332 K. These spectra were normalized
at 720nm. In both spectra, an additional peak appears at
605nm 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
k.o kS, kP and E™ involved in Eg. (8), we can cal-
culate the ratio ([BJ/[M*]) for perylene as a function
of temperature andds. The solid lines in Fig. 10 show

10

111111111

EE dis

[D]/[M]

0.01

nnnnnnnnn

Temperature / K

Fig. 10. [D'}/[M*] as a function of temperature. The solid lines give the
calculated values from Eq. (8) using several value:Egif.
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([D*J[M*]) calculated from Eq. (8) for variouEgis as a parallel conformation consisting of molecules having, D
function of temperature. The ratio of the peak height of symmetry such as naphthalene and perylene, the optical
transient absorption (Fig. 9) between the monomer excited transition between the ground state and the lowest excited
state (710 nm) and the excimer (605 nm) gives relative value state becomes symmetrically forbidden.

of ([D*)/[M*]). As shown in Fig. 9, the absorption spectrum

of the monomer excited state is overlapped with that of the 3.6. Estimation of the transfer integral V

excimer at 605nm and, therefore, we subtracted the con-

tribution of the monomer excited state from the spectrum  According to the Mulliken—Hush theory, the transfer in-
observed for calculation of relative value of ({IM *]). tegral (the electronic coupling matrix element by the charge
For the perylene excimer, the absorption coefficients of the transfer interactiony between a neutral excited state and an
monomer excited state and the excimer are not availablejon-pair state can be expressed as Eq. (14) [24], where the
so that absolute value of ([Y[M*]) cannot be obtained  peak positiorwmax and FWHM Avy, of charge transfer

directly from transient absorption spectra. By fitting calcu- band are in unit of wavenumbers, the absorption coefficient
lated curves with the experimental data shown by closed ¢y;ax in mol~1dm?cm~1 and the separationp between

circles ([DFJ/[M*]) and EJS can be estimated to be 0.82 molecules is in angstroms:

at 292K and 0.56 eV, respectively. It should be noted that " 12

the simulated curve usingd'® = 0.56 eV converges to the |, _ 206 x 107" (vmax emax Av1/2) (14)
curve of infinite activation energy around room temperature. D

This clearly shows that thermal dissociation of perylene ex- The transfer integraV/ can be evaluated if the absorption
cimer is not important at room temperature. It is consistent coefficient and the band shape are available.

with the observation that the fluorescence decay shown in The absorption coefficients of the monomer excited state

Fig. 4 can be Jgted to a single eéf)n?nentlal function. Using ¢ perylene can be estimated by transient absorption spec-
the values o™ = 0.56 eV andE™ = 0.117 eViEB can  troscopy. We carefully measured the exciting light intensity
be estimated to be 0.44e-AH = 42kJmol™) from and the overlap between the exciting light beam and the
Eq. (9). 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 710nm
_ o _ was estimated to be{{t® = 17,000 mol-t dm3cm~1. In the
Using the parameters obtained in Section 3.4, the quantumy apsient absorption spectrum of the concentrated solution,

yield of excimer fluorescence can be estimated. The ratio e absorption spectrum of the excimer can be observed as
of the integrated fluorescence intensitig®’//Y") of the  shown in Fig. 9. From the relation

excimer and the monomer can be expressed as
D D

Ii _ krad[D*]
M — M

IF krad[M ]

3.5. Quantum vyield of excimer fluorescence

605 605 [y *
= (15)

(11) AM* EM* [M ]

we obtain the absorption coefficiesf2° of the excimer at

605 nm using the value offD*]/[M*]) = 0.82 at 292K

which has been obtained from Fig. 10. Actually, the ab-

krad = Pkt (12) 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 ratigf>/A[1O.

2 oPkP [D*] As a result, the absorption coefficient of the excimer can be

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

where®; is the quantum yield of fluorescence. Thus, from
Egs. (11) and (12), we obtain the following relation:

™M T SN M (13)  estimated to bef% = 15,000 mol - dm®cm-L.

Fig. 11 shows the transient absorption spectrum of a
From the spectrum shown in Fig. 7, the raﬁDFD/I,E") concentrated solutio4.7 x 10~3M) of perylene over a
is found to be 0.0046. We takeéM to be 0.89, which is  wide wavelength range. We recorded the spectrum just
a reported value for benzene solution [1] and‘[J[M *] after excitation, so that the spectrum is not an integrated

to be 0.82 at 292K. Accordingly, we can estimate the one over the lifetimes of the excimer and the monomer
quantum yield®P of excimer fluorescence as 0.02 and excited state. Therefore, the peak height of the excimer
also t2 (= 1/k2 ) as 900ns. The radiative lifetime2, compared with that of the monomer excited state is slightly
of perylene excimer obtained is considerably longer than smaller than that in Fig. 9. In the shorter wavelength range,
that of pyrene (86 ns) and similar to that of benzeng)L the peaks of both the excimer (605 nm) and the monomer
and 1-methylnaphthalene (900 ns) [1,2]. The long radiative excited state (710 nm) are observed. In the near-IR range
lifetime suggests that perylene excimer has a parallel con-an additional peak around 1350 nm can be observed. This
formation. This is because in a molecular complex with a peak is assigned to the charge transfer transition of the
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1.2 e S — — 3.7. Origin of the stabilization energy of perylene excimer
[ ° Perylene / Toluene 4.7 mM ] ) ) o _
g Tr ‘ 1 : i : 7 As given in Eq. (1), the binding enerdys of excimer
§ 0.8 i o ] can be expressed by three contributions: the repulsion en-
s o ; h ] ergy Er, the stabilization energy by the charge transfer
Z o6l g3 ‘ : ] interaction EST and by the exciton interactioB€*®. The
3 r ] ] repulsion energyEr of excimer formation has not been
% 04 [ & i ‘ ' ] estimated experimentally. However, theoretical estimation
g :‘ . ."l,.. ] of the repulsion energy has been made [3,28]. Thus, we
Z 02t " e®e® ® o Co assumeEr = 0.2eV. The stabilization energy by the CT
3 S ® ®e o0 interaction can be evaluated from the peak positit
0500' """" 1‘0'004 E— ‘1'5'06 ““““ 2'0‘06‘ : of the near-IR band aqd the energy difference between the
Wavelength / nm excimer state and the ion-pair st&ig as follows:
Fig. 11. Transient absorption spectrum of perylene in concentrated solution E(S:T = %(ECT — Eo) (18)

(4.7 x 1073 M) in the wavelength range 550-2200 nm.
In Section 3.6, we estimateHy = 0.55eV for perylene

excimer [16]. The absorption coefficient®>° at 1350 nm excimer andEct = 0.92eV from the peak position of

; ; T
can be estimated by comparing its absorption intensity the near-IR absorption of the excimer. ThusS™ can be
with that at 605nm. As a result3350 was estimated to evaluated to be 0.19eV. Using these valuE§® can be

be 12,000 mot! dm?cm~L. Using the values obyax = evaluated from Eq. (1) to be 0.45eV. This shows that the
7400cn L, eyax = 12,000 mortdm?cm1 Avijp = stabilization of perylene excimer is mainly due to the exci-
2600 crrrl,and o = 0.3’3 nm. the transfer ir;tegral can ton interaction (70%) and a small contribution comes from

be estimated to be 0.37eV. the CT interaction (30%).
At present, few attempts have been made to estivate The photophysical parameters and the energy levels ob-

charge transfer complexes in excited states, so that it is diffi- 2in€d in this study are summarized in Fig. 12. Monomer
cult to discuss the relation between the transfer integral and€xcited state of perylene emits strong fluorescence around

M _ . .
the molecular structures of a donor and an acceptor. Mataga4® "M(Ef" = 2.79eV). The lifetime of the monomer ex-

[25] reported the transfer integralof molecular complexes  Cited state was obtained a¥' = 4.6 ns. Perylene excimer
in the excited state of 1-cyanonaphthalene—naphthalends efficiently formed with the diffusion-limited ratékorm =
exciplex to be 0.4-0.5 eV from the analysis of exciplex flu- 8% 10°M~ts™4). Weak excimer fluorescenc@y = 0.02)
orescence. Gould et al. [26] also estimavem be 0.167 eV can be observed around 640 (&P = 1.94 eV) with life-
for tetracyanoanthracene—alkylbenzene and 0.161eV fortime of rfD = 17.6ns. The excimer is significantly stable
dicyanoanthracene—alkylbenzene exciplexes from the anal-and the binding energy was estimated s = 0.44eV.
ysis of absorption and fluorescence spectrum. It seems thafThe transfer integraV between a neutral exciton state
V = 0.37eV estimated for perylene excimer is similar to and an ion-pair state was estimatedlas= 0.37 eV from

those of exciplexes reported. the analysis of the near-IR absorption band at 1350 nm
According to the perturbation theory, the transition energy (Ect = 0.92eV). Thus, the energy differendey between
Ect of CT absorption band can be expressed as a neutral excited state and an ion-pair state was estimated
as Eg = 0.55eV. From these results, the stabilization en-
4v2 1/2 ergies by the charge transfer and the exciton interactions
Ect = Ep (1+ —2) (16) were estimated a€S" = 0.19eV andE® = 0.45eV,
Eg respectively.
Eo = Eip — Eexciton (17)

3.8. Comparison with other aromatic excimers

where Eg is the energy difference between an exciton

state Eexciton and an ion-pair stat&j,, shown in Fig. 1. In this section, we discuss the contribution of the
We observed the peak of charge transfer band at 0.92 eVcharge transfer interaction to the stabilization energy in
(1350 nm) and estimated as 0.37eV. Thus, the energy other aromatic excimers, i.e., benzene, toluene, naph-
differenceEp between an exciton state and an ion-pair state thalene, 1-methylnaphthalene, anthracene, pyrene and
is found to be 0.55eV. As shown in Fig. 9, the absorption 1,12-benzoperylene. As shown in Fig. 1, the charge transfer
band of the excimer is not similar to a cation (546 nm [27]) interaction comes from the mixing between the exciton state
and an anion (578 nm [27]) absorption bands. Therefore, and the ion-pair state. The stabilization energy due to the
the initial state (fluorescent state) of the near-IR transition charge transfer interaction can be estimated from Eq. (18)
can be considered as the neutral electronic state. when the energy gaRgp between the exciton state and the
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MM
ECT=0.92 eV E
V=037 eV 0
=0.55 eV
EsCT=0.19 eV
MM)*
kform= 8 x 109 M-18-1 (MM)
EfD=1.94 eV
TD=17.6ns
EM=2.79 eV ®¢D=0.02
TM=46ns . MM
d
" T ER=0.2eV
Y z_/_/___ ‘(assumed)
M+M
Monomer > Excimer lon-pair State
Repulsion Exciton Charge Trans-
Interaction fer Interaction

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 radiusR,gw [30] is used as the effective radi&sof the ion
Eexciton Of the exciton state in Eq. (17) can be expressed as [31]. Therefore, we tak®,qw of the molecules studied as

Eexciton= E]P + EgT (19)
Using Egs. (16) and (18FEexciton Can be written as
1/2
1 4v?2
Eexciton = EfD + > Eo <1 + —2) — Ep (20)
Ly

The energyEp of the ion-pair state in Eq. (17) is estimated

the effective radius of the corresponding ions. We use the

square of the refractive indeX ase because the solvent
used is nonpolar. The magnitude ©fcan be estimated as

£2

C=——"— (23)

A georp
The distance was assumed torpe= 0.33 nm following the
theoretical calculation of naphthalene excimer [28]. Thus,

, . - | : -
on the basis of the model presented previously [16]. The W€ can estimate the energjfg™ of the ion-pair state.
ion-pair can be considered as a pair state of a cation and Quantitative discussion df estimated using the above

an anion which are separated by the distangeso that
we estimate the energy of the ion-pair stﬂg"c using the

relation
EQC=1Ig—Ep+ Py +P_+C (21)

wherelg is the ionization potential of a molecule in the gas
phase,Ea the electron affinity in the gas phase, and

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

(E|(3Pa|C_ E]P + F)2 _ V2

Ecalc —
0 EZ°— EP 4+ F

(24)

In the case of perylene, we already estimakee: 0.37 eV

P_ are the polarization energies induced by a cation and anand £, = 0.55eV in Section 3.6. From these values, the

anion, respectively, andis the Coulomb interaction energy.
lg's andEa’s of the compounds studied are available from
literature and the polarization enerfycan be estimated by
Born’s formula [29]

sricar |1 (7))

wheree is the elementary charge,the dielectric constant
of the mediumgg the permitivity of the vacuum ang the

P=P =P =— (22)

correction factofF can be evaluated to blé = 0.93. There-
fore, Eg for other excimers can be estimated if we assume
the transfer integraV.

Fig. 13 shows the peak pOSiti(E‘gq—SOf the charge transfer
absorption in aromatic excimers as a function of the energy
differenceEga'C. In the calculation, we assumed thétis
the same as that of peryleg¥ = 0.37 eV). In Table 2, the
values calculated are listed. It seems tE@?S deviates from

the straight line (dashed line in Fig. 185 = E2) at

effective radius of the ion. It has been known that Born’s smaIIEga'C. This clearly shows that the contribution EgT
formula gives reasonable values when the van der Waalsto 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 R
excimers as a function oEga'C. A number in the figure represents the Ny Jj.J) EFEFIFIFE EFEFS 2SN SN S R
compounds listed in Table 2. Dashed line: no contribution from the charge 0 0.5 1 15 2 25 3
transfer interaction. Solid line: the peak position calculated from Eq. (16)
using the value oV = 0.37eV. E“°/ev

0

curve in Fig. 13 shows the peak position estimated from Fig- 14. The binding energ¥s of aromatic excimers as a function B§*°.

E0. (16) using the value f — 0.37eV. ALsmallEGS the [1% 9101 o b Mg <10y o e & o shoun sl

peak energies are well fitted by the solid line. This indicates

that these excimers have a similar transfer integral with decreasing size of the molecule. In order to discuss
As we discussed, the contribution of the charge transfer the origin of the stabilization energy in various aromatic

interaction to the stabilization energy of excimer decreasesexcimers, we plot the reported values of the binding energy

Table 2
Parameters for estimation &
No. Compound Solvent Ig2P Epcde  pf Raw? m"  Ci(ev) E@Y EPkd  pgad  pobsmn go
(eV) (eV) (eV) (nm) (eV) (eV) (eV) (eV)
1 Benzene Liquid 9.17 -140 -151 0.268 228 —-191 657 3.88 2.64 2.38 0.22
2 Benzene Cyclohexane 9.17 —-140 -136 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 0.286 223 -196 6.17 3.87 2.24 223 017
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 795 -020 -1.38 0.323 262 —-166 466 3.05 1.52 1.40 0.25
6  Anthracene Liquid 7.36 0.60 —1.43 0.341 3.12 -140 342 227 1.04 1.30
7  Anthracene Benzene 7.36 0.60 —-1.18 0.341 228 —-191 341 227 1.02 1.14
8  Pyrene Cyclohexane 7.37 0.50 —-1.03  0.352 2.02 —2.16 358 2.58 0.86 1.05 0.4
9  1,12-Benzoperylene  Toluene 7.12 0.60-1.03 0.386 223 -196 344 2.58 0.70 1.03
10  Perylene Toluene 6.90 1.10 -1.05 0.378 223 -196 2.67 1.9% 0.55 0.92 0.44
2|onization potential in the gas phase.
bRef. [32].
CElectron affinity in the gas phase.
dRef. [1].
€ Ref. [6].

f Polarization energy.

9van der Waals radius.

h Refractive index of the solvent.

i Coulomb energy.

I Energy of ion-pair state calculated.

kK Peak energy of excimer fluorescence.

| Energy difference between an exciton state and an ion-pair state calculated from Eq. (24).
M Peak energy of charge transfer band observed.
"Ref. [16].

°Binding energy of excimer.

PRef. [33].

9The value for benzene solution.

"Ref. [34].

SPresent result.
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Eg(= EZ°+ EST — ER) of excimer as a function aEga"
in Fig. 14. It seems thdEg decreases with decreasing the
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lopment project of Science and Technology Agency of
Japan.

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 showEg evaluated using the constant values
of EE® = 0.45eV andEr = 0.2eV. In the case of small
molecules,Eg observed is smaller than that estimated.
This suggests that the stabilization enedg§“ 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 1Qum for the precise measurements of the
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