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Abstract-The phenomenon of monomer emission from excimer forming 
crystals has been investigated for pyrene and perylene. A variety of spectro- 
scopic techniques have been used t o  demonstrate that  genuine monomer 
emission can be observed from pyrene crystals. The emitting monomers 
appear to be located in disordered regions of the crysttd situated within 
5 x lo2 nin of the surface. Both delayed monomer and excimer emission have 
been observed a t  4.2"K and information on the range of the monomer exciton 
migration has been obtained. The low temperature emission observed from 
the dimeric a-form of parylene crystals appears to be either from highly 
perturbed perylene monomers located in disordered regions of the crystal or 
from impurities. The unusual temperature dependence previously observed 
for the emission spectrum of the monomeric 8-form of perylene crystals is 
shown to  be due largely to reabsorption effects. 

1. Introduction 

There are a number of aromatic hydrocarbons which crystallize as 
coplanar sandwich dimers (B-type crystals in Stevens' classification)") 
and consequently yield only structureless excimer type emission 
spectra under most conditions. Two crystals which fa,ll into this 
category are pyrene and the a-form of perylene. Under certain 
special conditions, however, the emission from even these crystals 
has shown a structure characteristic of monomers in addition t o  
excimer e m i s ~ i o n . ' ~ . ~ )  In  order to account for the simultaneous 
appearance of " monomer " and excimer emission (Processes 1 and 
1, Fig. 1)  from the same crystal, Tanaka proposed a potential energy 
diagram similar to the one shown in Fig. 1 to describe the inter- 
molecular interaction between planar pairs of molecules in the 

t U.S. I'ublic Health Service Postdoctoral Fellow, 1967-70. 
$ John Simon Guggenheim Fellow, 1969-70. 

61  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
59

 2
3 

Fe
br

ua
ry

 2
01

3 



62 

> 
c 
Q 
ll 
2 
ll 

M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

INTERMOLECULAR DISTANCE,R 
Figure 1. Potential energy diagram representing the interaction of a sand- 
wich pair of molecules in a crystal with (a) both molecules in their ground 
states; (b) one molecule in its f i s t  excited state. 

crystal. ( 3 )  The essential feature of this diagram is the appearance 
of the barrier to excimer formation in the excited state potential 
energy curve. If this barrier were sufficiently large, it is easy to 
understand that excimer formation (Process 3) would be prevented 
a t  low temperatures. At higher temperatures, however, the barrier 
could be surmounted during the lifetime of the monomer and only 
excimer emission would be observed. At intermediate temperatures 
both monomer and excimer emission could be observed. 

While this provides a plausible explanation for the appeasance of 
monomer emission a t  low temperatures, other alternativefj do not 
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M O N O M E R  E M I S S I O N  63 

appear to have been ruled out. Furthermore, certitirl testable 
aspects of Tanalia's proposal do not appear to have been checked. 
Finally positive identification of the monomer emission from these 
crystals remains to be achieved. I n  order to clarify this somewhat 
unsatisfactory situation we have reinvestigated the phenomenon of 
" monomer " emission from two B-type molecular crystals-pyrene 
and the u form of perylene. 

2. Experimental 

Pyrene obtained from Matheson, Coleman and Bell Company was 
purified as previously described.(4) Thin film pyrene samples were 
prepared by evaporation of a small amount of dilute benzene solu- 
tions of pyrene between two glass plates. Perylene (99+",) ob- 
tained from Aldrich was first vacuum sublimed before crystal 
growing. Both the u-form and P-form perylene crystals were grown 
from benzene solution in the absence of oxygen in order to prevent 
oxidation and then separated manually. 

Fluorescence emission and excitation spectra were measured by a 
standard fluorimeter with appropriate Corning or interference 
filters.(4) The delayed fluorescence of pyrene was measured by using 
a phosphorimeter. Fluorescence decay lifetimes were measured by 
an apparatus using single photon counting techniques as described in 
an earlier publication. ( 4 )  

3. Results and Discussion 

3.1. PYRENE 
The emission spectrum of a thin film microcrystaUine pyrene 

sample is illustrated in Fig. 2 for temperatures ranging from 342 OK 
to 4.2 OK. At 77 "R the emission spectrum shows only the charac- 
teristic broad, structureless pyrene excimer emission. However, a t  
higher or lower temperatures an additional anomalous, partially 
structured emission appears a t  higher energies than the origin of the 
excimer emission. A very similar room temperature spectrum has 
previously heen reported by Birks and Carneronc2) and recently by 
Klopffer and Bauser.(5) A t  4.2 OK the intensity of this anomalous 
emission is even larger than that of excimer emission by about a factor 
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64 MOLECULAR CRYSTALS A N D  LIQUID C R T S T A 1 . S  

Figure 2. 
sample a t :  (a) 342"K, (b )  296"I<, (c) 200°K. (d) 77%, (0) 4.2'R. 

Fluorescence spectrum of a thin film microcrystalline pyrene 
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M O N O M E R  E M I S S I O N  65 

of  4. The emission spectrum at  1.9 "K is essentially identical to that 
at 4.2 OK. In a multicrystalliiae pyrene crystal the intensity of this 
anomalous emission is only about 5-10°/, that of the excimer 
emission at 4.2 OK, and in good single crystals no anomalous emission 
is observed.(B) 

When the 4.2 OK excitation spectrum of a thin film pyrene sample 
is monitored at the maximum of the anomalous emission (410 nm) 

3800 
1 (A, 3600 

3200 3400 

ex 
Figure 3. Fluorescence excitation spectrum of a thin film microcrystalline 
pyrene sample at  4.2"K monitored at (a) the peak of the excimer emission 
(470 nm); (b) the peak of the perturbed monomer emission (410 nm). 

or a t  the maximum of the excimer emission (470 nm) the results 
shown in Fig. 3 are obtained. It should be noted that even the thin 
film pyrene sample is optically fairly thick and this is demonstrated 
by the excimer excitation spectrum which shows complete absorption 
at 378 r im .  In spite of this fact, the excitation spectrum of the 
anomalous emission monitored a t  410 nm shows considerable struc- 
ture and is essentially identical to the absorption spectrum of an 
optically thin pyrene crystal.(') 

MOLCALC C 
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66 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  CRYSTA'LS 

Thin film pyrene samples at 4.2"K also exhibit a wealr deliLye(1 
fluorescence (see Fig. 4) and it is interesting to note that the ratio 
of the intensity of the delayed excimer emission to  the delayed 
monomer emission of the delayed fluorescence is - 4 : 1 whereas in 
the prompt emission spectrum the monomer emission is I- 4 times 
stronger than the excimer emission. The decay of tho delayed 
fluorescence is in the milisecond region and no evidence for phos- 
phorescence has been observed. 

I- - 
I - 

5400 5200 5000 4800 
x 

Figure 4. 
pyrene sample at 4.2 OK. 

Delayed fluorescence spectrum of a thin film microcrystalline 

After considering various possible interpretations, we have con- 
cluded that the anomalous high energy emission bands originate 
from perturbed pyrene monomers which are located in a disordered 
region near the surface of the crystal. The basis for this assignment 
is as follows : 

(i) Spectral Distribution : The spectral distribution of the 
anomalous emission is quite similar to the emission spectrum of 
monomeric pyrene, although i t  is more diffuse and red shifted from 
the emission spectrum of monomeric pyrene in methylcydohexane 
glasses at 77 OK (see Fig. 5). 

(ii) Lifetime : The decay of the anomalous emission is exponential 
with a lifetime of 323 nsec which should be compared 1;o pyrene 
fluorescence lifetimes of 287 nsec in polystyrene and 295 nsec in 
PMMA at room temperature. (8 )  There are relatively few organic 
molecules which have lifetimes in this range, and consequently this 
is supporting evidence that the emitting molecules are, in fact, 
pyrene monomers. 
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Figure 5 .  Fluorescence spectrurn of pyrene in methylcyclohexane glass at 
77 'I.;: (a) under moderate resolution conditions; (h)  under low resolution 
conditions; (c) fluorescence spectrum of a thin film pyrene sample at 4.2"B. 

(iii) Relative Intensity of Excimer and Monomer Emission : With 
bulk po2ycrystalZine samples the intensity of the monomer emission 
relative to the excimer emission varies from about 0.05 t o  0.1 at 
4.2"K depending upon how the sample i s  cooled. With thin film 
samples, however, the intensity of the perturbed monomer emission 
is even larger than the excimer emission (see Fig. 2 ) .  These varia- 
tions in the relative intensities of the monomer and excirner emission 
provide additional evidence against assigning the anomalous emission 
to  impurity emission, since doping experiments described elsewhere 
indicate tha t  the impurity level would have to  approach 5 x 
mole/mole in order to  acconnt for the intensity of the  monomer 
emission.t4) Such a n  impurity concentration is not consistent with 
the 1ifet.ime measurements (1 12 ;t ;? nsec at 295 OK) which indicate 
that  the crystals are in fact quite pure. Since the monomer emission 
is in competition with excimer emission, this interpretation also 
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68 M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S ,  

accounts for why the excitation spectrum of the excimer emission 
shows minima a t  those wavelengths (375, 367 and 364 nm) where the 
monomer excitation spectrum exhibits maxima, 

The excitation spectrum of the monomer emission (shown in 
Fig. 3) clearly demonstrates that  the emitting monomers are located 
near (within an extinction depth a t  375 nm) the surface of the crystal. 
Thick crystals, and even the thin film sample which we prepared, 
were completely opaque a t  wavelength shorter than 378 rim and, 
therefore, if the emission were from special monomer sites located 
within the bulk of the crystal, the monomer excitation spectrum 
should have been the same as the excitation spectrum of'the excimer 
emission. Inst'ead, we find that the monomer excitation spectrum 
exhibits considerable fine structure, and is essentially identical to 
the absorption of an optically thin crystal. The implication firom this 
result is that light which is absorbed nearest to the crystal surface is 
most effective in generating the monomer emission. The observation 
that the intensity of the monomer emission relative to the excimer 
emission increases when the sample thickness is decreased, provides 
a further indication that the emission is from perturbed pyrene 
monomers located very near the surface of the crystal. Thesc 
perturbed pyrene monomers cannot, however, be located right a t  
the surface of the crystal since the intensity of the emission is not 
reduced when the surface of crystal is coated with a film of potassium 
iodide. 

The experiments described above also permit us  to draw certain 
conclusions regarding energy transfer in pyrene crystals at 4.2 OK. 
From the excitation spectra we may conclude the range of energy 
transfer at the monomer exciton level is on the order of the extinction 
depth at  375 nm, or N 5 x 102 nm. If the range were significantly 
larger than this length, the monomer excitation spectrum would 
have more nearly resembled the excimer excitation spectrim. On 
the other hand, if the range was significantly less than 5 x lo2 nm, 
it would be difficult to account for the relatively high intensity of t h o  
monomer emission as compared to the excimer emission. The range 
of the monomer exciton derived from these experiments is in 
reasonable agreement with the range (> 30 nm) which we previously 
deduced from an investigation of the quenching of pyrene emission 
in doped  crystal^.'^) 
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M O N O M E R  E M I S S I O N  69 

The fact that the emitting monomers are confined to a region of 
t,he crystal near the surface indicates that Tanaka's 
for the appearance of the monomer emission is not applicable in the 
specific case of pyrene. If a barrier in the normal excited potential 
energy curve were resporisible for this effect, then the appearance of 
monomer emission should have been a bulk effect, rather than a 
" surface " effect as observed here. 

The temperature dependence of the monomer emission is rather 
interesting. As illustrated in Fig. 2, the perturbed monomer 
emission disappears a t  77°K but reappears again a t  195°K and 
continues to  increase as the temperature is raised. TO account for 
this temperature dependence of the monomer emission we suggest 
the folIowing explanation. At  4.2 OK the specially perturbed 
monomers which are located in disordered regions of the crystal 
function as shallow traps of monomer excitons. Since these traps 
are presumably located in disordered regions of the crystal, this 
explains why they are not quenched by excimer formation as would 
be expected if they were located in the ordered regions of the crystals. 
At sufficiently high temperatures, - 77  OK, these shallow trapping 
centers become depopulated during the long lifetime of the excited 
monomer, and the excitation energy can be transferred back into the 
bulk of the crystal where i t  is trapped by excimer formation. This 
accounts then for the disappearance of the monomer emission and 
of the minima at  375, 367 and 364 nm in the excimer excitation 
spectrum a t  77°K. At still higher temperatures where we have 
shown that " excimer esciton " migration becomes more effi~ient '~) 
a thermally activated transfer of ,energy back to perturbed monomers 
becomes possible. Depending upon the equilibrium distribution of 
excitation energy between monomers and excimers, some monomer 
emission can be observed. Judging from intensity of the excimer 
and relative to the perturbed monomer emission a t  room tempera- 
ture, the excimer state should be located about 24,500 cm-' above 
the ground state, or about 2,100 cm-1 below the monomer state. 

The observation of delayed fluorescence of pyrene crystals a t  
4.2OK indicates that the monomer triplet exciton is mobile. Since 
singlet cscirner exciton migration is already negligible by 77  OK, this 
would argue against the formation of triplet excimers which we 
would expect to be similarly immobile a t  temperatures below 77  OK. 
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70 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

The theoretical studies by Chandra and Lim(@) and the experimental 
work of Chandross and Dempster(10) also support the notion that 
triplet excimers are unstable with respect to  dissociation into a 
triplet monomer and a ground state molecule. 

3.2. PERYLENE 
Perylene has two different crystal forms: the a-form which has a 

dimeric structure, and the p-form which is monomeric and similar 
t o  the crystal structure of naphthalene and anthra~ene. '~)  As might 

C 

6500 63M 6100 5900 5100 5500 5300 5100 4900 

x 

Figure 6. 
(a) 295°K; (b) 77°K; (c) 4.2'K. 

Fluorescence spectrum of the dimeric a-form perylone cirystal at 

be expected, the a-form of perylene shows a broad structureless 
emission at 295 and 77  OK (see Fig. 6).  When this crystal is cooled to 
4.2 OK however, the emission spectrum develops some structure with 
peaks appearing a t  502, 532 and 573 nm, as illustrated in. Fig. 6. 
Entirely similar results were previously reported by Tanaka.(3) 
Although this might appear to be another case in which monomer 
emission is appearing a t  low temperatures along with the excimer 
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M O N O M E R  E M I S S I O N .  71 

eniission, the lollowing pieces of experimental data make such an 
assignment questionable. The excitation spectrum of the a-form of 
perylene given in Fig. 7 shows twrj small peaks a t  492 and 481 nm 
on the long wavelength side of the strong perylene absorption, but 
these peaks are absent in the direct absorption spectra of thick 
perylene crystals.(ll) Furthermore, the crystal emission spectrum 
is more red shifted when it is excited at 480 nm than when it is 
excited at either 436 or 366 nm. We can only conclude from these 

L I  I I I I I I I I I 

4100 4 300 4 500 4700 4900 5100 

ex 
Figure 7. Fluorescence excitation spectrum of the dimeric W -  form perylene 
crystal at  4.2'K. The constant intensity between 4800-5100 is due to stray 
light. 

observations that the emission which we have observed from a- 
perylene crystals is either from impurities which have been sensitized 
by energy transfer from perylene or possibly from highly perturbed 
monomers located in disordered regions of the crystal. Since the 
emission spectra reported by Tanaka(3) for the a-form of perylene 
are entirely similar t o  ours, it would appear that he too was observing 
impurity emission. 

Because of the strength of the 'A +  LA transition some precaution 
must be taken in order to minimize reabsorption effects. By masking 
the edges of the crystal, and by carrying out front excitation the 
reabsorption effects can be minimized and the spectrum shown in 
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Fig. X is obtaiiied. In this spectrritn, peaks are clearly cavirlent at 
490, 520 and 559 nm. Upon cooling the emission becomes evc:ir more 
structured as demonstrated in Fig. 9. The data in Fig. 8 clearly 
indicate that reabsorption effects can be quite serious with fl-form 
perylene, and this could be the reason why the 295°K emission 
spectra reported by Tanaka lack the first emission peak a t  490 nm.':') 
Since reabsorptions effects are reduced by reducing temperature, thin 
would account for the appearance of the 490 rim peak at  77 "K in 
Tanalts's spectrum and its further resolution into three separate 

L, i b 

6300 6100 5900 5700 5500 5300 5100 4900 4700 

x 
Figure 8. Fluorescence spectrum of a monomeric 8-form peryleric single 
crystal at 295'K: (a) front surface excitation; (b)  illumination and emission 
are perpandicular to  emphasize reabsorption effect. 

peaks a t  4.2"K (Fig. 9). Comparison of the relative intensities of 
the bands at  540 nm and at  490-500 nm region measured by Tanaka 
and by us clearly indicates that the 4.2"K emission spectrum 
measured by Tanaka still shows some degree of reabsorption. 
Tanaka had suggested that the first three emission peaks centered 
at  500 nm arise from surface state emission ; however, our measure- 
ments indicate that these are just part of the normal ernissim spec- 
trum. Consequently, i t  is not necessary to invoke surface state 
emission to account for the low temperature emission spectrum of 
fl-form perylene. 
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4. Summary 

The studies which we have presented here demonstrate that it is 
possible to observe genuine monomer emission from pyrene crystals. 
At the same time, these observations indicate that the occurrence of 
monomer emission in these crystals is related to  the formation of 
disordered regions in the crystals, and that it is not a normal property 

6300 6100 5900 5700 5500 5300 5100 4900 
x 

Figure 9. 
(a) 4.2"K and (b) 77°K by front surface excitation. 

Fluorescence spectrum of monomeric 8-form perylene crystals at 

of carefully grown regular crystals. Thus, the possibility that the 
molecular motion needed to form excimers could be frozen out is not 
realized in the case of pyrene. Our results indicate that the struc- 
tured emission from the dimer crystalline form of perylene at low 
temperatures is either due to impurities, or to special highly per- 
turbed monomers which again are probably located in disordered 
regions of the crystal. It would appear then, that  perylene and 
pyrene are not cases where excimer formation in the bulk of an 
unperturbed crystal can be frozen out a t  low temperatures. 
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