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Abstract-Sensitized fluorescence arid flL1orescence quenching has been studied 
in pyrene layers, doped with small amounts of coronene, anthraquinone and 
acenaphthylene. Coronene exhibits strong sensitized fluorescence a t  room 
temperature, but not at 77°K. This behaviour is due to  decreased exciton 
mobility. The activation energy of the exciton hopping process has been 
determined to he E ,  = 0.055 eV. The lifetime of pyrene excimer fluorescence 
is decreased by quenchers in accordance with the steady-state measurements 
of relative quantum efficiencies. Three possible mechanisms of excimer state 
hopping in pyrene are discussed. 

1. Introduction 

Excitons in organic molecular crystals may be described by two 
models, a band model(1.2) in which absorption of UV light is assumed 
to create a completely delocalized excited state, and a hopping 
rnodelc3) which considers localized absorption a t  individual molecules, 
followed by a random hopping of the excitation energy. Whether 
the band or the hopping model is applicable when interpreting 
experimental results depends on the strength of interaction between 
the molecules(4) and on ternperat~re. '~) The Davydov Splitting of the 
electronic levels as observed at very low temperature is explained 
by the band model. A further experimental evidence in favour of 
an exciton band is the reduction of exciton range with increasing 
temperature, as observed in energy transfer experiments at low 
temperatures.@) This effect is due to phonon scattering shortening 
the mean free path or the region of coherence of the exciton. The 

t Presented in part at the EUCHEM conference on " Photophysical 
Primary Steps of Organic Compounds in Condensed Media ", ShloB Elmau, 
West Germany, October 1970. 
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230 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  

hopping model becomes applicable, if the free path approaches the 
distance between neighbouring molecules in the latticw. It is most 
widely used in evaluating energy transfer 7 ,  in ortlcr to 
estimate the diffusion length, diffusion constant, and hopping timc. 
Thermal activation of exciton hopping has not been ohscwcd in 
anthracene-type crystals used in most energy transfer 1 1 1  

these crystals the molecules are arranged in such a way t,hiit t he  
molecular planes do not overhp.  Pyrene, on the other h m d ,  
represent rather a different lattice type in  which the molcc*rilcs are 
arranged in sandwich-like pairs (Fig. 1). Owing to  this pecii1i;w 

Figure 1. 
Robertson and 

Moleciilar arrangement in the iinit cell of pyrc'nc uc.cor.ding to 
a = 13.6 A. b = 9.2 A,  c = 8.4 A, B = 100'. 

structure, the lowest excited singlet state is an excirner s t i t t t b , ' R  1 

due to  complex formation of an excited pyrene molecrilt: with a, 

neighbouring ground-state Excimer formiLtion reduce* 
the intermolecular distance and the energy is decreased consitlmthly 
with respect t o  the first monomeric excited singlet state."')) 

Therefore, one might expect tha t  the electronic excitation is trappe(l 
in these states. On the other hand, host-to-guest energy tritnsfcr 
has been observecl in pyrene (see Table 1)  by Northrop m d  
Simpson,(ll) Hochstrasser,c12) Kearns and I<a,waolLa,(13) ancl E'. 
Tomkiewicz and L~ewen tha l . ( ' ~ )  
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E S C ! I T O N  D I F F U S I O N  I N  P Y R E N E  23 1 

7(.4BLK 1 Fluoresceiit (:liest Suhst,znces in Pyreiie 

Substnnce'al 

Anthraceiie 
Ficene 
Tetritphenylethvlenp 
1.2- benznnthracene 
9.1 O-cl ipheri~1nnthi~~cen~ 
1,2,5.6-cliherizitnthracene 
Coronerie 
Perylene 
Anthant,hrPiie 
Ovalfme 
Tetracenp 
Violantlirene 
Dinqht ,hopy r'ene 
Isovioliin threne 

Sl'bl 

(c111-1) 

2 6,70O 
26,600 
26,600 
2 6.0 -50 
25.451) 
25,400 
23.350 
23,100 
23,100 
2 1,550 
2 1.100 
20,3 51 1 
19.400 
19.100 

Sensitized 
Fliiorescericr Lit. 

+ 

(a) the concentrations iisecl for screening were 10F3 injin, 
(b) f iui i i  tzl,sorptioii in soltition, 
(c) t.liis paper, 
((1) weak hecause of poor soliibility."3' 

Energy transfer in pyrene may be clue to  exciton diffusion (niono- 
mer or excimer), long-range transfer by dipole-dipole resonance 
from either the monomer or the esciiner level and reabsorption of 
fluorescent light. In order to distinguish experimentally between 
these cliflerent possibilities, it is important to  use substances with 
very weak absorption i n  the  host fluorescence region and samples 
consisting of thin l a j  ers or crvstals. Energy transfer bj' clipole- 
dipole resollance or by reabsorption will then be negliqible. 

I f  under these conditions effective energy transfer does occur, i t  is 
clue to excitons. It should be possible t o  distinguish betweell 
monomer and excimer excitons by studying the temperature de- 
pencleiice of energy transfer : excimer state diffusion should freeze 
in at low temperature, whereas monomer exciton diffusion should not. 
Farthermore, the lifetime of the excinier state.  if mobile, should be 
reduced by quenching sitbstances. 
In recent publications, excinier state diffusion has been postulated 

in order to explain several experimental observations. Birks(15) 
foiincl the excimer lifetime of pyrelie crystals to be tlepentlent on the 
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232 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 T , 3  

purity of the material. Kearns arid Kawaoka(lB) postulated the 
existence of both monomer and excimer excitons and observed a 
partial freezing-in of energy transfer at liquid nitrogen temperature. 
Goldschmidt, Y. Tomkiewicz and Berlman(17) measured the lifetime 
of the excimer state at excitation with high intensity laser radiation. 
They found the lifetime to be shortened with increasing intensity 
and attributed this to the mutual annihilation of mobile excirner 
states. 

We performed experiments on sensitized fluorescence, excimer 
lifetime, and the temperature dependence of fluorescence quenching 
by guest molecules. According to our results, a clear-cut distinction 
between monomer and excimcr diffusion can be made. The activation 
energy of the excimer-hopping process has been determined. 

Preliminary results of this work have been published elsewhere.('*) 

2. Experimental 
2.1. PURIFICATION OF PYRENE 

Pyrene, puriss. (Fluka), was recrystallized from ethanol and 
zone-refinded in 50 zone passes using an apparatus by Desaga 
(Heidelberg). Zone-refining has been performed vertically a t  a rate 
of 2 mm/h and a ratio zone length/total length of 1.5/30 cm. We 
exclusively used material from the first third of the ingot. M.p. = 

152.5 "C (TDA) ; melting enthalpy A H  = 3.95 kcallmole : fluores- 
cence lifetime at room temperature T,, w 120 ns. 

2.2. SAMPLE PREPARATION 
The samples have been prepared by melting a small amount of an 

intimate pyrene/guest mixture between two quartz plates to yield 
layers about 1 pm thick. 

The guest substances coronene (purum, Fluka), anthraquinone 
(p.a., Schuchardt), and acenaphthylene (pure, Riitgerswerke) were 
used without further purification. 

2.3, FLUORESCENCE SPECTRA 

All spectra have been recorded with a Hitachi-Perkin Elmer 
MPF-2A4 spectrofluorimeter, equipped with a 150-W Xenon la,mp and 
a photomultiplier It 136 (Hitachi). The apparatus has been calibrated 
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E X C I T O N  D I F F U S I O N  I N  P Y R E N E  233 

by means of a tungsten lamp (Wi 21, Osram) of known spectrd 
distribution. All spectra were corrected to equal quantum intensity. 
Spectra at 77 OK have been obtained with the Hituchi low tempera- 
ture ancillary equipment. The temperature dependence between 
- 30 and 70 "C has been measured with the variable temperature 

cell in which the sample was mounted on a brass saniple holrler. 
Absorption spectra have been recorded in a Beckman DIC-2 A 
spectrophotometer. 

2.4. DECAY TIMES 

Fluorescence decay times of the pyrene samples were measured 
upon exposure to a Fischer Nanolite lamp supplying flashes of 
20 nsec halfwidth through a filter combination with a narrow pass- 
band centred on 325 nni. 

A cut-off filter (500,/, transmission a t  490 rim) surpressed the 
excitation light between sample and photomultiplier. Therefore, 
only the excimer-fluorescence light was detected by a RCA 1P2S 
photomultiplier tube working into a fast cathode follower circuit. 
The decay curves were displayed on a tektronix Type 545 oscillo- 
scope and then analyzed on a multiple exposure photograph yieltl- 
ing decay times with an accuracy of %)yo. For decay times below 
50 nsec the finite duration of the excitation flash was taken into 
account. This was achieved by comparing the recorded decay curve 
to  a family of curves calculated from the time function of the 
excitation and a set of decay times. 

3. Sensitized Fluorescence 

The first excited singlet level of the guest must of course lie below 
the exciton level of the host material in order t o  show sensitized 
fluorescence upon excitation of the host. The first (monomer) singlet 
level of pyrene is found in the solid state absorption spectrum a t  
26,700 o n - ' ,  whereas from experimental results by Birlts('") the 
excimer level was inferred to be a t  23,860 em-'. Several guest 
substances with appropriate energy levels have been screened. The 
results are compiled in Table 1 together with data  reported in the 
literature. As can be seen, only those guest suhstances whose S ,  
levels are below 23,500 cm-1 act as fliiorescent traps for the excitation 
energy, whereas guests with S ,  > 25,000 do not. 
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234 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  

Several guest substances showing sensitized fluorescence in pyrene 
exhibit very strong absorption bands in the region of pyrene 
fluorescence so that Forster's transfer and reabsorption may be 
important. Only coronene absorbs weakly in this region ( 6  < 400 
for v' < 27,000 crn-l).(l9) It was therefore chosen for a more 
detailed study. Experimentally, coronene has the disadvantage of 
its fluorescence overlapping with the host excimer emission. Never- 
theless, the fluorescence guest-to-host intensity ratio can bc cleter- 
mined since the shapes of the two spectra are known and can thus 
be separated into the two components. 

Figure 2 shows a fluorescence spectrum of coronene doped pyrene. 
The structured coronene emission dominates at room temperature. 
The host has been excited at 30,000 em-' where its optical density 
exceeds that of the guest at least by a factor of 1,000. 

> 
WAVENUMBER [cm 

Figure 2. 
~nole/rnole dimer) a t  excitation via the host. 

Fluorescence spectra of pyrene, doped with coronene ( 2  x 
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E X C I T O N  D I F F U S I O N  I N  P Y R E N E  235 

The fluorescence intensity ratio IGIIH depends on guest con- 
centration (cG < 4 x according to 

r G / l H  = 1,100 CG (1) 
where C G  is given in mole guest/mole dimer. This dimension of guest 
concentration should be preferred to mole guest/mole host as pre- 
viously used by us('*) because the exciton is dimeric in nature (as 
will be shown later) and because substitution of only one pyrene 
molecule in a pair already transforms the pair into a trapping centre. 

The quenching factor Q of host fluorescence, as defined by 
Northrop and Sirnpson'll) Q = ( I H , ~  - I H ) / I H ( I H , ~  and IH intensity 
without guest and with guest of concentration CC) is related to the 
intensity ratio according 

where 7~ = quantum efficiency of the pure host and 7~ the quantum 
efficiency of the guest molecules a t  direct excitation. Several values 
of Q have been determined. Taking the value 7~ = 0.64 proposed 
by Birks(15) for pyrene crystals a t  room temperature, we find 
77G = 0.3. 

According to the simple hopping m ~ d e l ( ~ * " ~ ~ " )  

Q = ncG (3) 

where n = number of steps of the exciton in the pure host. From (1) 
to (3)  we find n = 2.4 x lo3. 

The room temperature experiments alone do not allow a distinction 
to be made between monomer and excimer diffusion because com- 
petitive trapping of monomer excitons by guest molecules and host 
molecular pairs may lead to the same linear dependence of the 
intensity ratio on guest concentration as has been demonstrated in 
the case of polyvinyl carbazole.(21) Evidence for excimer-state 
diffusion is derived from two kinds of experiments : lifetime measure- 
ments (Sec. 5 )  and study of energy transfer at low temperature. 

From the potential energy diagram of the pyrene excimer(ln) one 
would expect that the excimer state is immobile at low temperature, 
whereas monomer excitons should be able to  move. The 77°K 
pyrene/coronene spectrum (Fig. 2) shows clearly the disappearance 
of sensitized fluorescence. Apart from a weak shoulder, the curve 
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236 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  

is identical with the 77 "K spectrum of pure pyrene. Direct excita- 
tion of the guest on the other hand gives rise to the coronene 
spectrum. This proves that the drastic decrease in guest ititensity 
is not due to a decrease of qc  which, in another experiment, was forrnd 
to  be temperature-independent between - 3 0  and + 70 "C. The 
critical ritdiLls for dipole-dipole resonance (pyrene excinier ---t 

coronene) a t  77 "K is still about equal to a pyrene pair-pair distance. 
Therefore, coronene should be able to act as a trap a t  the low 
temperature, too, so that the observed effect would indeed bt: duc to 
decreased mobility of the migrating excited state. 

4. Activation Energy of Exciton Hopping 

A first attempt a t  measuring the exact temperature depc.ndenc:t~ 
of ciiergy transfer from the fluorescence guest-to-host ratio failed, 
since not only the shape of the pyrene fluorescence spectrum depends 
on temperature (Fig. 3 )  but also the shape of the vibrational structure 
of the coronene emission. It was not possible therefore to soparate 
t,he two components accurately. An alternative method consists in  

Figtwo 3. Flaorescencc of layers of piwe pyrene at different teinpornti irw. 
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E X C I T O N  D I F F U S I O N  I N  P Y R E N E  237 

measuring the temperature dependence of fluorescence quenching 
with nonfluorescent guests. A search for effective quenching 
substances with weak absorption in the region of pyrene fluores- 
cence proved anthraquinone (8 ,  = 23,600 cm-l, E < lo2 for 
v' < 27,000 cm-1)(22g) and acenaphthylene (8, = 21,400 cm-', 
E < 300 for V' < 27,000 cm-l)(22b) to be very suitable quenchers. Both 
substances do not fluoresce in pyrene a t  temperatures between 
- 30 and + 70 "C. Anthraquinone shows weak phosphorescence 
a t  the long wavelength tail of the excimer fluorescence. 

We ineasured the quenching factor as a function of temperature 
iii the above-indicated range and deduced from the results the 
temperature dependence of the hopping time. The quenching factor 
a t  room temperature has been determined to  be Q = 5 (anthra- 
quinone) and Q = 3.5 (acenaphthylene) with CG = 2 .  mole/mole 
dimer in both cases (Fig. 4). These values are in excellent agreement 
with the value of Q = 4.8 expected for coronene according to  (3) ,  and 
show that  both quenchingsubstances are aseffective traps as coronene. 

Figure 4. Fliiorescence spectra at room temperature of pure pyrene ( 3 )  and 
pyrene doped with acenaphthylene (1) and anthraquinone ( 2 )  (2  x 1 0 - 3  mole/ 
iiiole dimer each). 
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50 30 
I I 

0 0 -10 oc -20 
I I 

o-o-"To- 3 

3.0 3.5 
1 [ O K - ' ]  

T 

Figure 5 .  
acenaphthylene (1 )  and anthraquinone (2)  ( 2  x 

Quantum efficiency of pure pyrene (3 ) ,  and pyrerie doprd wit11 
mole/mole dirrier each). 

Figure 5 shows the temperature dependence of the quantum 
efficiencies for pure pyrene (3 )  and pyrene doped with anthrn- 
quinone (2) and acenaphthylene (1) . The values have been ohtained 
from the areas under the corrected emission curves recorded a t  t h e  
temperatures indicated. They have been normalized to  = 0.64 
(293 

The quenching factor, which yields the number of steps n (3 ) ,  ha3 
been determined from the values in Fig. 4 as a function of tempera- 
ture. Knowing n, the hopping time T/, is easily determined from 
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E X C I T O N  D I F F U S I O N  I N  P Y R E N E  239 

The excimer lifetime of pure pyrene, T,,, has been measured by 
it varies from 121 ns ( - 20 "C) t o  

In  Fig. 6, the hopping time is shown in a semilogarithmic plot as a 
The two lines are exactly 

Birks, Kazzaz and King ;(l5) 
95 ns ( + 70 "C). 

function of 1/T for the two quenchers. 

- 

2 
3.0 3.5 L.0 

Figure 6. 
anthraquinone ( 2 ) .  

Hopping time T~ as a function of temperature; ncenaphthylene ( I ) ,  

parallel ; the activation energy deduced from the plot is 
E,, = 0.055 eV. 

This value corresponds to  about 2 kT at room temperature and is 
large enough to  account for the freezing-in of energy transfer 
observed a t  liquid nitrogen temperature. 

The fact that  both quenching substances give the same activation 
energy clearly demonstrates that  we are measuring exciton mobility 
rather than the temperature dependence of exciton-capture cross 
section. 

5. Fluorescence Quenching and Lifetime Reduction by Guest 
Molecules 

The lifetime of the mobile excited state is reduced in the presence 
If the mobile of quenchers as a consequence of energy transfer. 
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24.0 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 1 . S  

state is identical with the fluorescent state, the fluorescence inteiisity 
quenching is due to this reduction of lifetime. In  this case the 
quenching factor Q can be determined either from intensity measure- 
ments 

or from fluorescence-decay time measurements 

The influence of the dopants anthraquinone and acenaphthylcnc: 
on the intensity and the decay time of pyrene host fluorescence was 
determined for a wide range of guest concentrations. Coroncnc 
proved t o  be unsuitable as guest molecule for the lifetime stiiclies 
because its fluorescence lies within the wavelength arid decay-time 
range of the pyrene fluorescence. 

c 
1 

lo-' 

C G  [ mole/mole dimer ] 

Figure 7. Pyrene/acenaphthylene : qiienching factors Q,'and Q2 obtrtincd froin 
relative quantriin eficiericies (0) arid from decay mea;rure~nrnts ( x ), r w p c -  
tively. 
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241 E X C I T O N  D I F F U S I O N  I N  P Y R E N E  

The decay time of the pyrene fluorescence was significantly reduced 
by the addition of the guest molecules. The fluorescence intensity, 
compared to that of pure pyrene, has been measured for each 
sample. 

The results are presented in Fig. 7 for pyrene plus acenaphthylene 
and in Table 2 for pyrene plus anthraquinone. In both cases the 
two sets of values agree reasonably well, and this shows that steady 
state quenching is wholly due to lifetime reduction. 

TABLE 2 Comparison of &-values in 
Pyrene/Anthraquinone 

CG 
(mole/inolu dimer) &I (2, 

10-4 
2 x 1 0 - 4  
4 10-4 

10-3 
2 x 1 0 - 3  
4 x 10-3 

10-2 
2 x 10-2 

0.50 0.30 
0.87 0.85 
1.2 1.4 
2.4 2.5 
3.5 5.7 
9.8 7.0 

10 
22 

Contrary to  the behaviour expected from the simple quenching 
formula (3),  the curve shown in Fig. 7 and the data of Table 2 
indicate a sublinear dependence of Q ( c G )  its has frequently been 
observed by other authors.(') The slope of the straight line best 
fitting the data in a bilogarithmic plot is about 0.8 for anthraquinone 
and 0.7 for acenaphthylene. 

6. Discussion 

In  the preceding sections we have presented experimental evidence 
in favour of a thermally activated exciton hopping process in pyrene. 
The essential points are : 

Sensitized fluorescence is observed, if S,(G) 7 23,500 cm-l and is 

Coronene shows intense sensitized fluorescence a t  room tempera- 
not observed, if X,(G) 5 25,000 cm-l. 

ture but none a t  77 OK. 
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2-12 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  1.S 

The freezing-in of sensitized coronene fluorescence at low temlma-  
ture  is due to  decreased exciton mobility. 

Anthraquinone and acenaphthylene are effective non-fluorescetit, 
quenching substances for an  investigation of the teinperature: 
dependence of exciton mobility. 

The hopping time at room temperature has been found to 1 ~ .  
about -rh = 5 x 

The activation energy of exciton hopping has been cleterrninetl to 
be E,  = 0.055 eV. 

I n  accordance with steady-state measurements, the lifetime of' 
pyrene excimer fluorescence is decreased by quenchers. 

s. 

These results show clearly that  it is the excimer state tha t  moves 

I n  principle, the excimer state could be transferred from one 
around in the lattice by a hopping process. 

pyrene pair to a neighbouring one via three mechanisms : 

(a) The excimer s ta te  dissociates to give a n  excited monomer iind 
a ground state pyrene molecule, the S, (monomer) is timisferred 
t o  an adjacent pyrene molecule and is trapped again as excinier. 

(b) There is still excimer interaction at the ground-state equili- 
brium position of the molecules in the pairs (vertical distance 
d = 3.53 A) ; (23 )  this position is reached by thermal activation 
of the excimer, followed by excimer-energy transfer to a, 
neighbouring pair in its equilibrium position. 

(c) A pair adjacent to  the excimer is compressed by a lattice 
vibration to  about theexcinler equilibrium distance (d< 3.53 A ) ,  
followed by excinier-energy transfer to  this pair. 

Mechanism (a), a trap-controlled monomer-exciton diffusion, hns 
been proposed by Birks.(24) It will only he applicable if the energy 
of the excimer state is very close to tho monomer S ,  level 
(26,700 cm-1). According to Birks,(Io) the excirner level plus zero 
point vibrations is a t  23,860 cm-1. Tt. is therefore too low in order 
to  explain the small activation energy of 0.055 eV ( = G O  crn-l) i f  
mechanism (a) applies. 

Mechanism (b) requires that  the excimer potential a t  a distance of 
about 3 . 5 A  is still below the monomer level. This is indicated in 
Birks's(Io) energy level diagram. If the excimer potential wits still 
more shallow, the activation energy of 450 cm-1 could he suficient 
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244 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  

to bring the pyrene molecules from their excimer equilibrium 
distance to the ground-state equilibrium distance without dissociib- 
tion of the excimer. 

Mechanism (c) requires a rather flat repulsive ground state 
potential in order to be in accord with the small activation energy. 
It cannot yet he decided whether mechanism (h)  or (c) prevails. 

The hopping time a t  room temperature is longer by a factor of' 
10 to 100 as compared with that encountered in anthracene-type 
crystals. Table 3 compares some characteristic values with corres- 
ponding values of anthracene and naphthalene. As a consequence 
of the long hol)ping time, the diffusion coefficient and the diffusion 
length are much smaller in pyrene than in the other crystals. The 
difference diminishes a t  higher temperatures. The hopping time for 
T = r, is calculated to be rh = 5.5 x s and this corresponds to 
the value for naphthalene. The extrapolated hopping timo at 
77 OK differs by 4 or 5 orders of magnitude from that in anthraccnc 
and naphthalene. It shows that the exciton performs on tho 
average, less than ten jumps and explains very well the lack of 
sensitized fluorescence at this temperature. 

The extrapolation down to liquid nitrogen temperature might not 
be accurate because, as has been pointed out by Hochstrasser and 
Mall iar i~,@~) a phase transition occurs in pyrene at about 120°K. 
These authors found a small discontinuous change in pyrcne fluores- 
cence intensity at this temperature. A transition a t  115 "H; with an 
enthalpy of about 20 cal/mole was first reported by Jacobs and 
Parks.@*) In  the thermo-differential analysis diagram of pure pyrene 
we observed a peak a t  about 120 O K .  The crystal lattice should not 
be drastically altered by this phase transition, since there is still 
excimer fluorescence below the transition temperature. This 
suggests that the pair-wise arrangement of molecules is not changed. 
We therefore believe that the mechanism of exciton diffusion is 
basically the same in both phases. 
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