This article was downloaded by: [Tomsk State University of Control Systems and Radio]

On: 17 February 2013, At: 06:15

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl15

= Interaction between Pyrene and Perylene in Solid State

Y. Tomkiewicz ? & E. Loewenthal ?

% Department of Physics, Hebrew University, Jerusalem, Israel
Version of record first published: 21 Mar 2007.

To cite this article: Y. Tomkiewicz & E. Loewenthal (1969): Interaction between Pyrene and Perylene in Solid State, Molecular
Crystals, 6:2, 211-225

To link to this article: http://dx.doi.org/10.1080/15421406908082960

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl15
http://dx.doi.org/10.1080/15421406908082960
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 06:15 17 February 2013

Molecular Crystals and Liquid Crystals, 1969, Vol. 6, pp. 211-225
Copyright © 1969 Gordon and Breach Science Publishers
Printed in Great Britain

Interaction between Pyrene and
Perylene in Solid State

Y. TOMKIEWICZ and E. LOEWENTHAL

Department of Physics,
Hebrew University,
Jerusalem, lsrael

Received April 15, 1969; in revised form June 20, 1969

Abstract—The emission spectra of solid solutions of pyrene and perylene
in benzene and of mixed crystals of pyrene and perylene were investigated.
The dependence of these speetra on the concentration of pyrene and pery-
lene, on temperature and on the excitation wavelength was determined.
The results for solid solutions showed clearly that there is an interaection
between pyrene excimer and perylene which gives rise to a new emnission
spectrum. These results also helped us to interpret the emission spectra of
mixed crystals of pyrene and perylene.

Introduction

The mixed crystals of pyrene and perylene have received much
attention in recent years.!~> The fluorescence of perylene in a
crystalline solution in pyrene is shifted to the red when compared
with the emission of similar concentrations of perylene in liquid
solution and is shifted to the blue relative to the emission of pery-
lene dimeric crystals (« perylene). On the basis of this experi-
mental evidence and an estimate of the location of the (perylene+-
pyrene~) charge transfer state, Hochstrasser! suggested that this
anomalous emission originates from an excited-state mixed
perylene-pyrene dimer which is considerably stabilized by charge
transfer interaction. A different interpretation was given by
Tanaka.? He noted that the emission band of the mixed crystal
at 5100 A resembles rather closely the emission spectrum of a
perylene crystal of monomeric structure {8 perylene). He con-
cluded that the * anomalous’ emission is mainly due to the
particular arrangement of the perylene molecules in the pyrene
211
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crystal, and is not the result of any specific interaction between
perylene and the host crystal. On the other hand Kawaoka and
Kearns® claim that the ““ anomalous ” emission spectrum of the
perylene—pyrene crystal is primarily, but not entirely, due to re-
absorption of the monomeric perylene emission, rather than to the
formation of perylene-pyrene or perylene—perylene excited
dimers. However, from their investigation of the emission and
absorption properties of perylene when dissolved in different
solvents, they concluded that there is also an excited state inter-
action between perylene and pyrene. The present work was
undertaken in order to decide whether the ‘ anomalous ’ emission
band of perylene in pyrene is that of the perylene molecules only
(due to the position at which they are situated in these erystals) or
whether this band, is the result of mixed excimers of pyrene and
perylene. In the latter case the elucidation of the detailed nature
of this interaction was aimed at. For this purpose the luminesc-
ence of the system perylene-pyrene was investigated for frozen
solutions of these solutes in benzene as well as for their mixed
crystals. The interpretation of the results made use of a recently
found property of pyrene, namely that the excitation spectrum of
pyrene monomer differs markedly from that of the excimer.®
This then permitted us to decide whether the alleged. interaction
between perylene and the pyrene host crystal involves the mono-
mer or excimer state of pyrene.

A. Luminescence of frozen solutions of perylene and pyrene in
benzene

EXPERIMENTAL

Mixed solutions of various concentrations of perylene and pyrene
were prepared. The luminescence of the frozen solutions was in-
vestigated with regard to intensity and spectral distribution. This
was done for varying conditions of concentration, excitation wave-
length, temperature and annealing. The techniques of preparation
and, measurement are identical with those employed elsewhere.$
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REsuLTs

Perylene monomer

(@) Influence of added pyrene. Figure 1 shows the emission
spectra of a frozen solution of 2,5.10-% mole/liter of perylene in
benzene at 90 °K. The wavelength of the exciting radiation was
410 mp (at which wavelength pyrene is totally transparent). The

INTENSITY (arbit. units)
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Figure 1. Emission spectra of 2,5.10-% mole/lit perylene in benzene
at 90°K at various concentrations of pyreme (mole/lit). a: O; b: 10-5;
¢:5.10~%; d: 10~ The wavelength of the exciting radiation is 410 my.

different curves of the figure correspond to different concentra-
tions of added pyrene. In this figure as in all the following figures
of this article only the shapes but not the intensities of the spectra
shown in one figure are to be compared. It is seen that with
increasing concentration of pyrene the intensity of the emission
in the wavelength region around 500 my increases relative to the
emission at shorter wavelengths. We found that frozen solutions
of perylene to which pyrene has been added can be excited at
wavelengths which are not absorbed either by perylene or by
pyrene at the given concentrations. Excitation at this long wave-
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length (e.g. at 462 mu) yields a new emission spectrum (extending
from about 480 to 560 mpy), which is shown in Fig. 2 (curve a).
(This effect is enhanced by increasing the concentration of pyrene).
This spectrum should, be compared with the spectra which are
obtained by excitation at 360 mu (for which pyrene excimers are
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Figure 2. Emission spectra of 2,5.10-° mole/lit perylene and 102 mole/lit
pyrene in benzene at 90°K at various excitation wavelengths: a: exci-
tation wavelength 462 my; b: excitation wavelength 360 my ; ¢: excitation
wavelength 340 my; d: excitation wavelength 410 mu.

efficiently formed), at 340 my (for which the formation of pyrene
excimers is less efficient) and at 410 my (which is strongly absorbed,
by pure perylene). These spectra are shown in curves (b), (c)
and (d) of Fig. 2 for a solid solution of 2,5 x 10-5 mole/liter perylene
and 10-3 mole/liter pyrene in benzene at 90 °K.

The spectrum shown in Fig. 2 (curve a) should be compared also
with that shown in Fig. 1 (curve a) for pure perylene at the same
conditions. The remarkable difference between these two spectra
is noted. The other spectra, shown by curves (b), (c) and (d) of
Fig. 2 may be considered to represent different mixtures of these
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two basic types. We also note that in the region of excitation
which gives rise to efficient formation of excimers (360 my) the
relative weight of the new emission band is greater than for
excitation at shorter wavelengths for which excimers are less
efficiently produced.

In order to investigate further whether the monomer of pyrene
or its excimer are primarily involved in the appearance of this
new ° combination ”’ emission of perylene and pyrene we deter-
mined the excitation spectrum of this band by recording its
intensity at 500 mp as a function of excitation wavelength (Fig.
3 curve (a)). Curve b shows the same function for the 472 mp
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Figure 3. Dependence on excitation wavelength of fluorescence intensity
of 2,5.10-% mole/lit perylene and 10-2 mole/lit pyrene in benzene at 90°K.
a: 500 mpu; b: 472 my.

peak of perylene (an identical curve is obtained for the 450 mp
peak of perylene). The most noteworthy feature of this figure
is the appearance of an excitation peak at 376 mu for the new
emission band. This peak is absent in the excitation spectrum of
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the perylene band. This latter spectrum shows a peak at 372 mp.
It has been shown elsewhere that these two peaks correspond to
peaks in the excitation spectra of pyrene excimer and pyrene
monomer, respectively. This is evidence that the interactions
between perylene and pyrene which result in the emission of the

new luminescence band involve predominantly the excimer state
of pyrene. :

(b) Annealing and temperature variations. Annealing enhances

INTENSITY (arbit. units)
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Figure 4. Emission spectra of 2,5.10-% mole/lit perylene and 5.10-4mole/lit
pyrene in benzene. a: The emission before annealing; excitation wave-
length 360 mu; b: The emission after annealing; excitation wavelength
360 my; c: The emission after annealing ; excitation wavelength 462 myp.

the new emission band. This effect is seen in Fig. 4. Curve (a)
shows the emission spectrum of frozen solution of 2.5 x 10-5
mole/liter perylene and 5 x 10-* mole/liter pyrene at 90 °K when
excited by radiation at 360 mu before annealing; curve b shows
the emission spectrum after annealing. Annealing also changes
the shape of the new emission band. This is best seen when this
band is exclusively excited by radiation of wavelength 462 mu.
The emission spectrum which is then obtained is shown in curve
(e) of Fig. 4. The effect of annealing on the shape of this band is
best seen by comparing this curve with curve (a) of Fig. 2.
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Curve (b) in Fig. 4 can be interprefed as a superposition of curves
(a) and (c) with proper weighting factors.

Preliminary measurements showed that the relative intensity
of the new emission band increases when the temperature is raised
from 90 °K to 200°K.

Perylene dimer
Figure 5 (curve (a)) shows the emission band which is observed
for frozen solutions of pure perylene at higher concentrations.

INTENSITY ({arbit. units)
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Figure 5. Emission speetrum of 2,5.10-* mole/lit perylene in benzene at
90°K at various concentrations of pyrene (mole/lit) and at various excita-
tion wavelengths: a: 0-462 mp; b: 10-°-462 my; ¢: 10-2*-410 mp.

This emission, which is not observed for low concentrations and
has been ascribed to the formation of perylene dimers” can be
excited at wavelengths which are longer than the absorption limit
of monomeric perylene (ray 462 mp); the monomer fluorescence
is then not observed. Addition of pyrene (at 103 mole/liter) and
excitation under similar conditions changes the dimer spectrum
drastically (Fig. 5, curve (b)). From Fig. 5 it is then concluded
that the dimeric emission is efficiently quenched in the presence
of pyrene. Excitation of the mixed system at wavelength 410
mp yields the emission spectrum shown in curve (c) of Fig. 5.
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This spectrum remains practically unchanged when the excitation
wavelength is changed to 360 mu or to 340 mu. The strong
influence of excitation wavelength which has been found for low
concentrations of perylene is thus absent for higher concentrations.

Discussion

The appearance of the new emission band between 480-560 mp
upon addition of pyrene to the perylene solutions and the fact
that this band is excited at wavelengths for which perylene as
well as pyrene themselves are transparent, leads to the conclusion
that this band is due to an interaction product of perylene and
pyrene as has been indeed suggested by Hochstrasser. The
mechanisms involved in this interaction are still not fully under-
stood. If charge transfer processes were to contribute significantly
to the interaction, the new absorption region could be interpreted
in terms of a charge transfer spectrum. . This new absorption
region corresponds apparently to the observations by Kawaoka
and Kearns of the absorption of perylene in a crystalline solution
in pyrene. Their interpretation, however, that this shift is due to
the refractive index of the medium does not seem to hold in our
system. If the appearance of the new emission band were due to
an interaction which involves only the excited state with no
noticeable implications for the absorption of the system it would
be difficult to understand why this emission should be pre-
dominantly excited at the new absorption region and not at other
wavelengths. The question as to why excitation in this region
should be so much more efficient in producing this new emission
spectrum remains as yet unsolved. We most tentatively propose
the existence of a very loosely bound ground state trimer consisting
of two pyrene molecules and one perylene molecule which are
responsible for the new absorption and emission bands.

On grounds of the excitation spectrum of the new band (emis-
sion at 500 mp) it has already been pointed out that the inter-
action between pyrene and perylene which is responsible for this
emission involves primarily the pyrene in the excimer state. One
could possibly argue that this combination band lies in aregion which
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strongly overlaps the emission spectrum of pyrene excimer and that
a major contribution to this band may simply be due to the fluore-
scence of pyrene excimer ; hence the excimeric excitation spectrum.
Against this argument stands the fact that the excitation spectrum
for the normal perylene band at 472 my (which coincides with an
intense part of the pyrene excimer spectrum) is purely mono-
meric. This shows that the regular spectrum of perylene is excited
by energy transfer from pyrene monomer. Moreover thisresult shows
that pyrene excimer is strongly quenched by itsinteraction with
perylene. In addition it is seen that changing conditions of tem-
perature and annealing which enhance the formation of pyrene
excimers also enhance the intensity of the new emission band.

Summarizing the results it is seen that the new species which pre-
sumably is composed of two pyrene molecules and one perylene mole-
cule each retaining its basic excitation spectrum can be excited
either via excitation of pyrene (with successive formation of pyrene
excimer), or by excitation into the perylene absorption band (where
pyreneis transparent), as well as by excitation in the new absorption
region for which each of the individual constituents is transparent.

The strong quenching of the perylene dimer band with peak at
570 mu (which appears at high concentration of perylene) and the
simultaneous increase of the pyrene—perylene band upon addition
of pyrene, shows that the interaction between pyrene and pery-
lene competes strongly with the formation of perylene dimers.
The fact that the excitation spectrum of this band is still close to
that of pyrene excimer leads to the conclusion that for solutions
which contain pyrene and perylene, both at high concentrations,
a double mixed excimer (or excimer-dimer) is formed which is
composed of two pyrene and two perylene molecules,

B. Luminescence of mixed crystals of pyrene and perylené

EXPERIMENTAL

Pyrene was zone refined. Perylene was used without further
purification after its purity had been established by absorption
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and emission measurements. The mixed crystals were grown by
sublimation in an atmosphere of argon. The set up for the
measurement of the luminescence was identical with that described
in an earlier publication.® With this method the fluorescence was
measured after it transversed the crystal. In one case the front
surface luminescence was also measured, using a correspondingly
modified arrangement.

REesurTs

() Influence of concentration of perylene

Kawaoka and Kearns® showed, that the emission and absorption
spectra of perylene in pyrene are shifted to the red relative to the
spectra in liquid solution of perylene. The changes in the emission
spectrum, however, were attributed mainly to effects of self-
absorption at variance with the conclusion of Hochstrasser! who
related these spectral changes to the formation of mixed dimers
of pyrene and perylene. In order to clarify the nature of these
effects and to find out whether reabsorption is their major cause
the * front surface fluorescence ” was measured for crystals con-
taining perylene at various concentrations. For near-normal
incidence of the exciting radiation, effects of self-absorption should
be independent of concentration.® Figure 6 (a), (b) and (c¢) show
the emission obtained from pyrene crystals for concentrations of
10-2; 10-3 and 10-% mole/mole of perylene at 300 °K. The wave-
length of the exciting radiation was 435 my, for which pyrene is
transparent. Since self-absorption cannot account for the changes
of the spectra with concentration, the results thus represent a
non-trivial effect of concentration. Excitation of the crystal with
radiation which is strongly (and primarily) absorbed by pyrene
(e.g- 313 my) yielded very similar spectra with the addition of a
shoulder at 450 mu which represents the residue of the fluorescence
of crystalline pyrene. (The greater part of excitation energy has
been transferred to perylene). In the following we will attempt to
give an argument for the assumption that peaks B and C in curves
(c) and (a) represent two different processes. From the figure it is,
however, already seen that the process which gives rise to the
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Figure 6. Emission spectra of various concentrations of perylene mole/mole
in pyrene crystals at 300 K, obtained by ‘ front surface ” illumina-
tion. a: 10-2; b: 10-%; ¢: 10-4 Exciting wavelength 435 mpu.

shorter wavelength peak (B) decreases with increasing concentra-
tion of perylene, while the process which is responsible for the
long wavelength peak (C) persists.

Curves (a), (b) and, (c) in Fig. 7 show the emission spectra for
the same concentrations when the fluorescence passed through the
thin crystal. Comparison of Fig. 6 and 7 shows that for thin
crystals there is no essential difference between the spectra,
obtained by the two methods, hence again self-absorption is not
the reason for the changes in the spectral distribution with chang-
ing concentration. Having established this fact we performed the
following experiments for reasons of convenience by measuring the
transmitted fluorescence only.

(b) Effect of temperature

The emission spectra change considerably with changing
temperature. This is seen by comparing the spectra shown in
Fig. 7 which have been obtained at 300 °K with those of Fig. 8
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Figure 7. Transmitted emission spectra of various concentrations of pery-
lene mole/mole in pyrene crystals at 300°K. a: 10-%; b: 10-2; ¢: 10-%;
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Figure 8. [Emission spectra of various concentrations of perylene mole/mole
in pyrene crystal at 90°K. a: 10-2; b: 10-?; ¢: 10-¢; d: 10-%,
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which were obtained at 90 °K. Similar results have been obtained
by Ishii and Matsui.* The effect of changing spectral distribution
with changing temperature is a gradual one and is more pro-
nounced at higher concentrations. Further inspection of Figs. 7 and 8
discloses a red shift of all three emission peaks. (Compare peaks
A, B and C in both figures). It is further seen that decreasing the
temperature yields a similar effect to decreasing the concentration
at higher temperature.

To conclude this section we point out that peak A is not
observed when perylene is directly excited by radiation for which
pyrene is transparent (e.g. 435 my). Also in this case (90°K,
excitation wavelength 435 myu) the ratio of the intensity of peak C
to that of peak B (at 90 °K) is greater than for excitation at wave-
lengths which are absorbed by pyrene. No influence of excitation
wavelength is observed at 300 °K.

DiscussioNn

The results lead to the following conclusions as to the region of the
three peaks which appear in the spectra of the mixed crystals
under the various conditions of concentration, temperature and
excitation wavelength:

(1) Peak A4 (445 mp—453 mpu, depending on temperature)
belongs to the emission of pyrene only, modified by the
absorption band of the mixed complex. This follows from
the absence of this peak when the excitation wavelength is
beyond the pyrene absorption limit.

(2) Peak B (483 mp—490 mp, depending on temperature)
represents the emission of the mixed excimer of pyrene and
perylene. This follows from the coincidence of this peak
with the peak of the mixed dimer emission in frozen solu-
tions of pyrene and perylene.

(3) Peak C (503 mp-530 mp, depending on temperature)
represents the emission of an interaction product of two or
more perylene molecules. This follows from the strong
dependence of the ratio B/C on perylene concentration.
This does not exclude the possible influence of the pyrene
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environment on this product. The particular crystalline
arrangement of pyrene seems, however, to be unimportant
for the creation of this product, since an identical peak is
observed for the amorphous solution of perylene in pyrene
(obtained from melting and cooling of the mixed crystal).

From the temperature dependence of the spectra (peak C
decreases with cooling, while peak B increases) we conclude that
the interaction between perylene molecules competes with the
interaction between perylene and pyrene which leads to the
formation of the mixed dimer.

From the influence of the excitation wavelength on the emission
spectrum at low temperature we conclude that under these con-
ditions the interaction. between perylene molecules is more
efficient when perylene is excited directly than for excitation via
energy transfer from pyrene.

These results do of course not exclude the occurrence of effects
of self-absorption on the observed spectra. In fact such effects
were observed throughout this work for higher concentrations of
perylene. Self-absorption, however, is by no means the mechan-
ism which determines the major features of the emission spectra
of this system.

Summary

Comparison of the spectra of frozen solutions and of mixed
crystals of perylene and pyrene shows that the three different
bands which appear in the spectra of the mixed crystals may be
attributed to three different processes. They do mot represent the
vibrationally structured emission of perylene which is modified by
self-absorption in the case of higher concentrations, as assumed by
Kawaoka and Kearns,® and Ishii and Matsui.* We assume that
the processes involve the interaction between one molecule of
perylene and two molecules of pyrene at low concentration of
perylene, and interactions between two perylene molecules
(probably through intermediacy of pyrene molecules) at high
concentrations of perylene.
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