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Nanosecond time-resolved fluorescence spectra were measured at 77°K for pyrene and perylene crystals, and
anomalous emissions which have lifetimes of ~8 nsec and are difficult to be found by the usual steady excitation,

were observed at the higher-wave number sides of the usual excimer emissions.

From the band position and the

vibrational structure, the anomalous emission was interpreted as being due to monomer defects in each crystal.
The analysis of the observed rise and decay curves of the monomer defect and excimer emissions shows that the
excited states of both emissions are populated independently from the band level of each crystal excited by light

irradiation.

The temperature dependence of the emission indicates that a thermal activation of 0.035 eV is re-

quired for the excimer formation in a perylene single crystal, while no activation energy is required for the excita-

tion of the monomer defect.

Excimer fluorescences from crystals of aromatic com-
pounds were studied by various investigators-% and
were found to be observed for only dimeric crystals,
such as pyrene and perylene, in which the molecules
exist in pairs.®) Birks, Kazzaz, and King® observed the
time dependence of the excimer fluorescence of the
pyrene crystal. According to their findings, the ex-
cimer is formed at 293°K within one nanosecond after
the excitation. Beside the excimer band, a partially-
structured anomalous emission band was observed with
the microcrystalline layer of pyrene.?® The band was
assigned by Birks e al. to an emission from surface
monomer defects excited by the encounter with excimer
excitions.%

An anomalous fluorescence band with a vibrational
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structure was also observed by Tanaka for a single
crystal of perylene at low temperatures below 50°K.%
This band is very similar in position and shape to the
monomeric perylene band and was assigned to a
monomer emission. Tanaka assumed that the excimer
state was populated via an excited monomer state and
estimated the potential barrier of the process to be
285 cm™! from an analysis of the observed temperature
dependence of the excimer emission.) According to
this mechanism, the excimer emission may be expected
to have a rise time which corresponds to the decay time
of the monomer emission.

Under these circumstances, we have undertaken to
study, by the nanosecond time-resolved spectroscopy
technique, the rise and decay processes of fluorescent
states of pyrene and perylene, in order to clarify the
nature of the anomalous fluorescence and the energy-
transfer mechanism in both dimeric crystals.

Experimental

Materials.
vacuum sublimation.

Pyrene was purified by zone refining after
Perylene was purified by the vaccum
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sublimation of a synthetic material.®) A single crystal of
perylene was obtained by recrystallization from the toluene
solution.

Niirogen Gas Laser. A pulsed, coaxial-type nitrogen
gas laser”® was built as an exciting source. The discharge
voltage of the laser is about 30 kV, and the pressure of nitrogen
is approximately 4 Torr. Coaxial transmission lines are used
as a condenser for the discharge. The wavelength of the
laser emission is 3371 A, and the laser pulse has a duration of
approximately 3 nanoseconds, with a peak power of about
20 kW. The repetition rate is 20 Hz, and the oscillatory
behavior is quite regular.

Fluorescence Measurements. Fluorescence spectra were
measured by means of a Bausch and Lomb monochromator,
being detected by an RCA 1P28 photomultiplier. By means
of the repetitive operation of the laser, the sampling technique
was used to measure the time-resolved spectra, a Tektronix
3S1 sampling oscilloscope being used. By setting the delay
of a Tektronix 3T77A sampling sweep unit at a fixed
time, a time-resolved spectrum was obtained by scanning
the wavelength and recording the average photocurrent.
The spectral response of the photomultiplier was not cali-

brated.
The laser light was attenuated by filters in order to pre-

vent the excition-exciton interaction which causes a remarkable
change in the decay characteristics of the fluorescences.®-11,
A Toshiba UV-39 filter was set in front of the monochromator
entrance slit in order to eliminate scattered laser light. For
the purpose of analyzing the initial rise of emission, the exact
pulse shape of the laser was measured by a Hamamatsu TV
R317 biplanar photodiode and the sampling oscilloscope.
The time resolution of the system was estimated to be about
0.5nsec. A 3650 A line from a high-pressure mercury lamp
was used for the measurement of the fluorescence spectra
by means of steady excitation.

Results and Discussion

Time-resolved  Fluorescence  Specira  and  Lifetimes.
Nanosecond time-resolved fluorescence spectra were
measured at 77°K for perylene and pyrene single crys-
tals; the results are shown in Figs. 1 and 2, respectively.
Fluorescence spectra observed by the steady-excitation
technique for both crystals are also shown in these
figures for purposes of comparison. Furthermore, the
fluorescence lifetimes measured for both crystals at
293°K and 77°K are listed in Table 1. This table also
includes the wave numbers of the observed fluorescence
maxima. Two fluorescence spectra with different life-
times were observed at 77°K for each crystal: one is at
shorter wavelengths and is short-lived, while the other
is at longer wavelengths and is long-lived.

By the steady-excitation technique, the short-lived
emission is difficult to be observed distinctly for the
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shima, Meisei University and Professor H. Inokuchi, The University
of Tokyo.

7) M. Geller, D. E. Altman, and T. A. DeTemple, J. Appl.
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8) A. Inoue, K. Yoshihara, S. Nagakura, T. Kasuya, A. Minoh,
S. Kobayashi, and K. Shimoda, Reports I.P.C.R., 47, 40 (1971).

9) A. Bergman, M. Levine, and J. Jortner, Phys. Rev. Lett.,
18, 593 (1967).

10) C. R. Goldschmidt, Y. Tomkiewicz, and I. B. Berlman,
Chem. Phys. Lett., 2, 520 (1968).
11) A. Inoue, K. Yoshihara, and S. Nagakura, to be published.
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Fig. 1. Time-resolved fluorescence spectra of a perylene
crystal at 77°K: , 4 nsec after trigger; ------, 20 nsec
after trigger; -—-—- -, fluorescence by steady excitation.
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Fig. 2. a) Time-resolved fluorescence spectra of a pyrene
crystal at 77°K: , 4 nsec after trigger;-—-—- -, 10 nsec
after trigger; ----, fluorescence by steady excitation.

b) Time-resolved fluorescence spectra in the 25000 cm—!
region observed with a pyrene crystal at 77°K, the emission
higher than ~26000 cm—! being cut off by the used of a
Toshiba UV-39 filter. The ordinate in b) is magnified
compared with that in a):——, 4 nsec delay;——-, 10 nsec
delay;- -+, spectrum of the monomer defect fluorescence
obtained by subtracting curve 2 from curve 1.

TABLE 1. FLUORESCENCE LIFETIMES (7) AND MAXIMUM WAVE
NUMBERS (Vp,,,) OF PYRENE AND PERYLENE SINGLE
CRYSTALS AT 293°K anD AT 77°K

293°K 77°K
—_——— ——
T(nS) Vmex(cm™) 7 (nS) Vpee(cm-?)
Pyrene — — 8 25300
70 21500 180 21500
Perylene — — 8 19000
44 17800 91 17000

single crystals in the temperature range from 77°K to
293°K. This is because it has a relatively low fluores-
cence quantum yield in this temperature range. By
the nanosecond time-resolved spectroscopy technique,
however, we can observe separately each of the short-
lived and long-lived components of the emission spec-
trum. For example, the fluorescence spectrum of the
perylene single crystal, observed 4 nsec after the trig-
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ger pulse, has an intense structured band at ~19000
cm™! besides the band at ~17000 cm~! which still re-
mains in the fluorescence spectrum observed 20 nsec
after the trigger pulse. The long-lived components
are identified with the excimer fluorescences for the
following reasons: (1) the lifetime of the emission at
longer wavelengths of the pyrene crystal at 77°K,
180 nsec, is very close to that of the excimer emission
obtained by Birks, Kazzaz, and King® (185 nsec); and
(2) in both crystals, the time-resolved spectra of the
long-lived emission coincide in their positions and
shapes with the corresponding excimer fluorescence
spectra obtained by the steady excitation.!=% The
short-lived fluorescence at ~19000 cm~! is very similar
to that observed with the monomeric (8-type) perylene
crystal and can safely be assigned to the excited
monomer.4

Concerning the pyrene single crystal, in addition to
the excimer fluorescence at 21500 cm™1, the short-lived
emission was observed at 25300 cm~! in the spectrum
10 nsec after the trigger pulse. The latter is similar to
the spectrum due to the monomer defect observed by
Birks et al.%% with a very thin film of pyrene.

The emissions at shorter wavelengths observed for
both single crystals are anomalous in the sense that
they are distinctly observed only by the nanosecond
time-resolved spectroscopy technique at 77°K. On
the other hand, when thin evaporated films are used
instead of the single crystal, the anomalous emission
can be observed by the steady-excitation technique for
both aromatic hydrocarbons, even at room tempera-
tures.

Examination of the Previous Mechanisms of the Anomalous
Emissions. The two mechanisms were presented
previously by Birks et al. and by Tanaka for the anoma-
lous emissions observed for the pyrene and perylene
crystals, respectively.

First, let us consider the mechanism presented by
Birks et al.® If the anomalous emission of the pyrene
crystal is assumed to originate from excited surface
monomer defects which are populated by the encounter
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Fig. 3. Time dependence of the fluorescence of a pyrene
crystal:——, calculated for the excimer fluorescence based
on the present mechanism;----, calculated for the excimer
fluorescence based on the mechanism presented by Tanaka;
+—+—, observed curve for the monomer defect fluorescence;
-—Q— observed points for the excimer fluorescence at 77°K,
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with excimer excitons,® the anomalous fluorescence
should have a rise time comparable to the decay time
of the excimer exciton. The time dependence of the
anomalous emission observed with pyrene crystals at
25000 cm—! at 77°K is shown in Fig. 3. The rise time
of the anomalous fluorescence is very short compared
with the decay time of the excimer fluorescence. This
clearly contradicts the mechanism presented by Birks
et al.

We will check, from the kinetic point of view, the
mechanism presented by Tanaka, which is schematical-
ly shown as follows:

hy M
M— M* — E

©) ®

o/ 0% o/ 0%
Here, processes @, @, ®, @, ®, and are respec-
tively concerned with the excitation of the monomer
M, the radiative and radiationless decay processes of
the excited monomer, M?*, the excimer formation
process, and the radiative and radiationless decay pro-
cesses of the excimer, E. According to this mechanism,
the exciton concentrations of the monomer and excimer
under pulse excitation may be represented as follows:

d[M*]/dt = I(t) — (ky+ks+k[M])[M*] 1
d[E]/dt = k,[M*][M] — (k5+&)[E] 2)

Here, [M*], [E], and [M] represent the concentrations
of the corresponding specimens, £, is the rate constant
for the above-mentioned process z, and [(¢) is the rate
of the generation of singlet monomer excitons, which
may be expected to be proportional to the intensity of
an incident light pulse. Equations (1) and (2) can be
solved as follows:

[M#] = exp (—tfzy) | exp (¢/m)I(€)d o
[E] = exp (~tfze) [ exp (17— 1/r)E)d

x Cexp ()T} @

Here, 7y and 7z are the lifetimes of the monomer and
excimer defined as 1jtu=k,+k;s+k,[M] and 1/rz=
ks+kg, respectively. The monomer and excimer fluo-
rescences are proportional to the concentrations of the
monomer and excimer excitons, respectively. The
equations were numerically integrated using the ex-
perimentally-determined shape of I(¢) and the measured
lifetimes shown in Table 1. It is necessary to consider
the distortion in the observed fluorescence time-depend-
ence curve due to the inability of the measuring circuit
to follow an extremely fast rise. The actual method
for correcting the distortion by the aid of a simple
theory of the four-terminal network will be described
in the Appendix. The time dependence of the excimer
fluorescence was evaluated by applying Eq. (4) to the
perylene crystal at 77°K; the result is shown by a
broken line in Fig. 4. In this figure, the observed re-
sult is also shown by open circles for the purpose of
comparison. A marked discrepancy exists between
the calculated and experimental results. A similar
discrepancy was also found for the pyrene crystal, as
clearly seen in Fig. 3.
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Fig. 4. Time dependence of the excimer fluorescence of a
perylene crystal:—, calculated based on the present mecha-
nism;----, calculated based on the mechanism presented
by Tanaka; —(—, observed points at 77°K.
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Fig. 5. Schematic diagram representing the mechanism of the
excimer and the defect fluorescence of perylene and pyrene
crystals.

It is obvious that neither of the two mechanisms
presented previously can explain the rise and decay
processes of the emissions of pyrene and perylene crys-
tals.

A New Mechanism for the Excimer and Anomalous Emis-
sions. Here, we propose a new mechanism for the
appearance of the monomer defect and excimer fluo-
rescences. (see Fig. 5). Crystals are excited to a band
whose excitation energy corresponds to the photon
energy of 29700 cm~?! of the nitrogen gas laser. After
the excitation, a slight change in the orientation of
paired molecules may take place in the formation of
the excimer fluorescent state. The rate constant, kg,
for this process can be represented by kg=Fkgoexp(—AE/
kT), where AE is a potential barrier for this process
and where kgo is a temperature-independent constant.
A relaxation to the monomer-defect states also takes
place from the excited band level with the rate constant
ku, which has been experimentally determined to be
temperature-independent. Actual dimeric crystals con-
tains a number of defect sites occupied by ‘“unpaired”
molecules, particularly at the crystal surface. In the
perylene crystal, the most intense component around
19000 cm~! of the defect emission corresponds to the
0—1 band of the perylene-monomer emission, while
the 0—O0 band appears near 20000 cm~11% and its in-
tensity is considerably reduced by reabsorption.

12) K. Kawaoka and D. R. Kearns, J. Chem. Phys., 45, 147
(1966).
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The following rate equations are obtained according
to the new mechanism:

dp/dt = I(t) — (kx+kg)e ()
d[Mp]/dt = kyp — (k' +ky) [Mp] (6)
d[E]/d¢ = kgp — (ks+ k) [E] (7)

Here, p is the exciton population in the excited band
level, and the population of the monomer defect is re-
presented by [Mp]. The rate constants &', and k',
stand for those of the radiative and radiationless de-
activations of the defect state, respectively, while k;
and kg stand for those of the excimer state. Since ky
and ks are much larger than %', k'3, k;, and k,, the
stationary state condition may safely be applied to Eq.
(5). Thus, the two concentrations [M,y] and [E] can
be expressed as:

[Mo] = (ke + k) exp (— /)| exp (gnaI(©)ds (8)
and

[E] = ksl(ku-+ks) exp (—tf2s) | exp (¢/e)l(@)de (9)

Here, v and 7 are the lifetimes of the defect and ex-
cimer emissions, defined as 1/ty=#k',+k'; and 1/tg=
k;+kg. The rise curve of the excimer fluorescence was
obtained by the numerical integration of Eq. (9) using
the measured lifetime and the shape of the laser pulse.
The curve obtained for the perylene crystal at 77°K is
shown by a solid line in Fig. 4; it is in good agreement
with the experimental results. The same mechanism
was also applied to the pyrene crystal, with a good
agreement between the calculated and observed rise
curves, as is shown in Fig. 8. These results show that,
in both crystals, the excimer excitons are not produced
via the excited monomer; rather, both excited states
are populated independently from the band levels of
the crystals excited by the light irradiation.

Temperature Dependence of Emissions. According
to our new mechanism, the intensity ratio of the ex-
cimer fluorescence to the anomalous fluorescence ob-
tained by the steady excitation, Iz/Iy, can be written
as:

/ Tg/ly = keks (ks +ks) [knky/ (ks + ko) (10)

The experimental value, 7z, can be expressed® by
the sum of the temperature-dependent and tempera-
ture-independent rate constants:

tot = ks + kg = ks + k¢ + kd exp (—AW/KT) (11)

where kg, kg, and AW are the frequency factor, the
temperature-independent rate constant, and the acti-
vation energy. The plots of In(tg=t—k;—k'g) versus 1/T
give a linear relation, as shown in Fig. 6, with k;+£'¢=
1.2x 107 sec! and AW=680 cm~! for the perylene
crystal. This may be compared with the value of
AW=530 cm~! for the pyrene crystal given by Birks,
Kazzaz, and King.® The results show that the ex-
ponential term may be disregarded in the temperature
range below 100°K and that, therefore, k;-+k¢ may be
regarded as temperature independent in this temper-
ature range. Furthermore, the present experiment
shows that the lifetime of the monomer-defect emission
is temperature independent between 77—I135°K with-
in the limits of experimental error. Since the radiative
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Fig. 6. Temperature dependence of the excimer fluorescence
lifetime of a perylene crystal. Semilogarithmic plots of (757!
—1.2X107) versus 1/T.

rate constants may reasonably be assumed to be tem-
perature independent, the temperature dependence of
Ig[Iy given by Eq. (10) actually shows that of kg/ky.

To elucidate the natures of ky and kg, the tempera-
ture dependences of kg/(ku-+ks) and ku/(ku-+ke) were
measured for the perylene crystal between 92—220°K
and between 83—135°K, respectively. These values
can be obtained by measuring the fluorescence inten-
sity divided by the lifetime, i.c.,

Igfte = Cy(ke/(ky+kg)) (ks/ (ks +ke)) (ks + k)
= ClkEk5/(kM+kE) (12)

In a similar way,
Iyftu = Cokyky'[(ky+ k)

Here, C, and C, are temperature-independent constants.
The fluorescence intensities, Iz and Iy, can be written
as follows:

I = deS:FE,,(t)dt I, = deS:FM,(t)dt

where F,(t) and Fy(¢) are the time dependences of
the excimer and monomer-defect fluorescences at a
wave number, ». The integrals for Iz and Iy with
respect to the wave number are performed over the
excimer- and defect-emission bands, respectively.
Setting Fg,(t)=Ft exp(({,—t)/te) and Fyu(¢)=F%,
exp((t,—t)/tu), where F§, and Fi, are the fluores-
cence intensities at {=1,, we can obtain:

Iojts = exp (tfte) [Fisdy  Tufr = exp (t/o) [Fipdv (15)

Therefore, the temperature dependence of kg/(ku-tkz)
was obtained by integrating each of the time-resolved
spectra (at a fixed time, £,) of the excimer observed at
several different temperatures and by being multiplied
by exp(fy/re). Since, according to our experiment, the
monomer-defect emission exhibits no change in its
position and shape in the temperature range of 77—

(13)

(14)
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Fig. 7. Temperature dependence of the excimer fluorescence

intensity of a perylene crystal obtained by the integration
of time-resolved spectra at 20 nsec delay. Semilogarithmic

plots of (exp (tolrg)JFé°vdv), t0=20 nsec versus 1/T.
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Fig. 8. Temperature dependence of the peak intensity of the
defect fluoresdence of a perylene crystal. Semilogarithmic

plots of F;":,, toy=4 nsec versus 1/T.

135°K, the temperature dependence of ku/(ku-ks) was
measured by observing the emission intensity 4 nsec
after a trigger pulse at 19000 cm~!. The results are
shown in Figs. 7 and 8. The plots of 1n(ky/(kx—+£s))
versus 1/ T in the temperature range of 96—135°K give
a straight line, with an activation energy of 4E=280
cm~l.  On the other hand, kg/(kx-+£&) is almost inde-
pendent of the temperature within the range of 92—
220°K. This directly indicates the inequality relation
ke>ky in this temperature range. The temperature
dependences of ku/(ku—+ke) and kg/(ku—+k:) show that
the monomer defect emission is intense at lower temper-
atures, while the excimer emission is almost constant at
the temperatures above 90°K. This is in good agree-
ment with the results obtained by the steady-excitation
experiment. The results are also consistent with the
fact that the quantum yield of the monomer defect
emission is relatively small.

The activation energy thus obtained is in agreement
with that obtained previously by the steady-excitation
experiment, but the mechanism of energy transfer
should be reinterpreted according to the present
mechanism.
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Emissions from the Thin Films of Perylene and Pyrene.
In a thin evaporated film which has a much higher
concentration of the monomer defect relative to the
regular site than a single crystal, the defect emission
may be expected to be observed easily by the steady
excitation at as high a temperature as 77°K. This is
actually the case for a perylene evaporated film (thick-
ness ~0.3 ym), and its peak intensity at 19000 cm~1 is
comparable with the excimer fluorescence intensity at
77°K. The monomer-defect emission was also ob-
served for a pyrene-evaporated layer.2:5)

We wish to express our thanks to Dr. M. Geller of
the U.S. Naval Electronics Laboratory Center for his
kind suggestions about making a coaxial transmission
line nitrogen gas laser. We are also greatly indebted
to Professor S. Iwashima, Meisei University, and
Professor H. Inokuchi, The University of Tokyo, for
their kindness in providing us with synthetic materials.
Our thanks are also due to Dr. M. Takami, The Insti-
tute of Physical and Chemical Research, and Mr. T.
Kobayashi for their helpful discussions.

Appendix

The correction for the measured time dependence of the
fluorescence was made as follows. An integration circuit
assumed for the detector system including the photomultiplier
and the oscilloscope, consists of a resistor, R, and a capacitor,
C, as shown schematically in Fig. 9. From the theory of the
four-terminal network, the ratio of the Fourier-transformed
output signal, G(w), to the input signal, F(w), is given by:
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R

/\ Tc/\

OUTPUT
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Fig. 9. A model circuit containing a resistor R and a capacitor
C of the measuring system.

G()/F(w) = 1/(1+ioCR) (Al)
where

F(o) = | dtexp (—ion) 1),

G(o) = | atexp (—ivt)e), (A2)

and f(¢) and g(t) are the time dependences of the input and
output signals, respectively. The output signal, g(z), is
obtained by an inverse transformation of G(w) and by the
aid of the equation (Al):

8(#) = (1/CR) exp (—t/CR)S:f(é) exp (§/CR)A¢  (A3)

By the aid of Eq. (A3), the time constant, CR, can be deter-
mined in such a way that the integration of the experimentally-
determined f(¢) fits into g(¢) as well as possible. Both f(¢)
and g(t) were obtained by observing the same laser pulse by a
fast photodiode and a 1 GHz sampling oscilloscope, and by a
photomultiplier and an 80 MHz oscilloscope, respectively.
The actual integration of f(¢) fits well into g(¢) over a wide
range of ¢ with CR=3.5 nsec, suggesting that the original
assumption is correct.






