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Time-resolved triplet exciton transport in binary mixed crystals has been studied for C,,H, in
C,0D5 (20%-100%) at liquid helium temperatures. The delayed fluorescence decays are
exponential and range from milliseconds to nanoseconds as C, goes from 0.2 to 1.0. The analysis
is based on the presence of a BMN supertrap in large amounts {10~3) and on the fact that
supertrapping of the guest excitons dominates the kinetics while heterofusion (triplet guest-triplet
supertrap annihilation) dominates over the homofusion (guest—guest annihilation) and was used
to monitor the kinetics. We also investigated in detail photodetrapping and the relative
efficiencies of the various fusion channels. An analysis of the transport data is given in paper IL

I. INTRODUCTION

There has been a perennial interest in studying the dy-
namics of triplet energy transfer in molecular crystals. Part
of this interest is due to the similarities and differences
between exciton transport and electron transport with re-
spect to band theory, phonon coupling, and order—disorder
transitions." Most of the previous experimental time-re-
solved work on triplet excitons for the case of two-dimen-
sional transport excitons, however, can be divided into two
nonoverlapping regimes: nominally pure crystals at high
temperatures' > 77 K; or dilute isotopically mixed molec-
ular crystals (conducting site concentrations less than ~0.20
mole fraction) at low temperatures* < 10 K. This paper will
present an experimental technique and results which help
span the gap between these two extensively studied regimes
in naphthalene crystal systems.'™

We confine ourselves to the ternary crystals containing
perdeuteronaphthalene (C,,Ds), napthalene (C,,Hjg), and be-
tamethylnaphthalene (BMN). We will refer to these species
respectively as host, guest, and trap or supertrap. The BMN
concentration C; is kept small relative to the C,,Hg concen-
tration C, . The electronic energy levels are such that the host
sites act as an inert matrix. An exciton moves on the guest
quasilattice until it irreversably transfers onto a supertrap
site.

Abhlgren and Kopelman® demonstrated that triplet ex-
citon transport in mixed naphthalene crystals exhibits a
critical dependence on the guest concentration in the range
of C, ~~0.10-0.20 mole fraction. This has been confirmed by
Klymko and Kopelman.” The Ahlgren, Kopelman, and
Klymko work was limited by an upper bound of
C,=~0.20-0.30. One of the goals of this current study, there-
fore, was to find out what form this concentration depen-
dence takes for C, values higher than 0.20. A second ques-
tion which we were interested in is what controls the triplet
decay kinetics in our crystal system. Evidence by Klymko
and Kopelman®’ suggests that exciton annihilation can be a
prevalent decay mechanism in C, = 0.10-0.20 crystals. On
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the other hand, it is often assumed®!° that the dominant
decay mechanism in pure crystals at low temperatures is
trapping.

In order to study these questions we monitored the de-
cay of the delayed fluorescence intensity following the direct
excitation of triplet excitons. This fluorescence signal is a
result of heterofusion, i.e., the annihilation of a naphthalene
exciton with a BMN exciton. The exciton densities are such
that the BMN exciton density remains constant at its steady-
state value during the course of a decay measurement. We
will show that the resuit of this conclusion is that the decay
of the delayed fluorescence maps out the rate at which free
excitons find BMN sites.

Section II of this paper provides the details of our ex-
perimental techniques, Sec. III outlines the kinetic model
that we used to analyze our time-resolved spectra, as well as
the consequent transport vs C, results. We found that the
time necessary to find a supertrap site decreases by over five
orders of magnitude as we go from a guest concentration of
0.20 to a concentration of ~ 1.0 mole fraction. The func-
tional form of this concentration dependence is a simple
power law with the exponent equal to 6.5 (at 1.8 K). In Sec.
IV we show that homofusion is negligible for C, > 0.20 crys-
tals and that trapping has a larger effect on the delayed flu-
orescence decay rate than heterofusion. We analyze the par-
titioning of the possible heterofusion products in Sec. V. We
show that the most likely outcome of the annihilation
between a trap and guest exciton is the production of a guest
exciton which does not remain correlated with the BMN site
of annihilation. Section VI presents evidence for a related
phenomenon: optical detrapping of BMN excitons by the
dye laser. Section VII summarizes our results.

This paper will be followed by another one which re-
lates the experimental transport results to current energy
transport theories (paper II).'

Il. EXPERIMENTAL

Bridgman crystals were grown from zone-refined BMN
and from potassium-fused and zone-refined C,,H; and
C,oDs."! The crystals were annealed for 48 h near their melt-
ing temperature and then cleaved into 1 mm thick pieces
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along the ab crystal plane. These crystals were then mounted
in a strain-free holder and immersed in liquid helium. We
measured the BMN concentration using optical absorption
at 1.8 K.

The optical excitation source was a Coherent Inc. argon
ion laser pumped dye laser. The dye laser was set to excite
directly either the C,,Dy (4692 A) or the C,,Hg (4714 A) first
triplet transition (*B,, «<—'4,,). We used a Lasermetrics elec-
tro-optic modulator (EOM) to shutter the laser. The EOM is
able to reduce the argon laser UV power to a level below the
dye laser lasing threshold. Therefore, by putting the EOM
between the two lasers we were able to convert the 1000:1
EOM extinction rate into an infinity:1 laser system extinc-
tion ratio. The EOM was driven by a Lasermetrics avalanche
mode pulse driver system which was able to follow a 3 V
signal from dc to 1 kHz with a rise time of 20 ns. We typically
used a square signal with a pulse duration sufficient to allow
the exciton population distribution to reach a steady-state
value. The delayed fluorescence signal was filtered by using
two Corning 7-54 filters which effectively eliminated any
laser scatter and phosphorescence intensity. The signal was
processed with either a PAR boxcar gated averager or a
PAR signal averager, depending on the necessary instru-
mental time constant,

lll. KINETIC EQUATIONS

There are a number of competing processes which must
be considered when doing a kinetic analysis of the exciton
dynamics. Table I lists the relevant terms. The table does not
distinguish between the individual singlet species (S, and S, ).
The resultant rate-law equations are

dT,
dt‘ =+a—1,'T, — kT, + k,T, + kT,
T+ /D) =T T Y +£5), 1)
a7,
—r=- 'T, + kT, — k,T, — k,T,
— T TS+ f9). (2)

Equations (1) and (2) can be simplified. By monitoring the
emission after the laser is turned off, we can ignore all of the
laser-induced processes. (The optical detrapping term will be
discussed in Sec. V1.) We kept the temperature below 16 K so
as to make thermal detrapping negligible.>'*'> The time
scale of our experiments (2.3 X 10~7 to 1 X 10~2 5) allows us
toignore the singlet exciton kinetics (lifetime = 1.2 10~ s)
and to ignore the triplet natural decay (T, = 2.6 s). If it had
been required, we could have taken into account either of
these two effects. We monitored all of the emission from
2600 to 3800 A so as to sample both the C,,H; and BMN
fluorescence. The time-resolved spectra did not change if we
monitored only C,,H; or only BMN emission, giving further
evidence that we can ignore the time effects of the singlet
states. Finally, we will show in a subsequent section that the
steady-state exciton populations are such that the C,,H, ex-
citon density is much lower than both the BMN excited state
density and the BMN ground state density, i.e., T,<T, and
T, <C?. The consequences of this last statement are: (1)
C,0H; exciton trapping and annihilation events will not sig-

TABLE 1. Triplet {T') exciton kinetic processes.

Equation Description
Cg—a> T, C,oHj (guest) exciton creation
T, c 0 BMN (supertrap) natural decay
T,-C° CyoH, (guest) natural decay
k
T,—-T, Trapping (by supertrap)
koler)
T,-T, Optical detrapping
k,
T,—T, Thermal detrapping
14 f&”
T,+T,—S Homofusion-singlet channel
* Az'
T,+T,—~T, Homofusion-triplet channel
(guest/triplet exciton creation)
rsP
T,+T, —>S§ Heterofusion-singlet channel
(guest + supertrap singlet exciton creation)
72 Azl
T,+7T,. -1, Heterofusion-triplet channel
72 /‘z’ !
T,+T, 1T, Heterofusion-triplet channel
0+ fP=1
SO+ 4=
a=axC °

nificantly alter the BMN exciton and ground state popula-
tions during the course of a decay measurement and (2) ho-
mofusion is negligible. The simplified kinetic equations are

dT. -

S kT, ~ 7T, T, 3)
dT,

a0, @)
7.’2557’2(f(21) +/%). ()

The rate constants & and ¥, are defined to be independent of
time. These equations can be solved to give

T,(t)=T,(0)exp[ — (k+ . T}t ], (6)
T,(t)=T.(0). (7)

The delayed fluorescence intensity is proportional to the
product of the BMN and C, H; triplet exciton densities (as-
suming homofusion is negligible). T, is constant; therefore
the delayed fluorescence intensity and the naphthalene triplet
exciton density decay with the same exponential rate constant
K:

K=k +v,T,. (8)

The parameter K describes the rate at which a C,;H,
triplet exciton is either trapped or is destroyed by heterofu-
sion. The important thing is that both trapping and heterofu-
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sion depend on the rate of exciton transport through the
guest quasilattice. A free C,oH; triplet exciton moves
through the crystal until it finds a BMN site. If this BMN
site is in its ground state then the free exciton can become
trapped. If the BMN site is already occupied then the incom-
ing exciton can be effectively destroyed by annihilation. In
either case, there will be a reduction in the C,,H; triplet
exciton population and the delayed fluorescence intensity
should be indicative of this change.
It is useful to define the reduced rate constant K :

K=K®X(C,/C,). 9)

K % is the effective rate at which an exciton samples new sites
while C,/C, is the probability that a newly visited site is a
supertrap. K ® should be a measure of the diffusion coeffi-
cient.?®

Figure 1 shows the delayed fluorescence decay rate con-
stants for a variety of crystals at a temperature of 1.8 K. The
dashed line represents the best line (using least squares linear
regression) through the data. The resultant empirical equa-
tion is

K®(C,)=K®(1.0)xC}; n=65+03. (10)

A separate paper'* discusses this functional relationship
between K ® and C,, and how it compares to the predictions
made by several theories which are based on a master equa-
tion.'>!6 It is clear in Fig. 1, however that K *(C,) is a
smoothly varying function. It does not show any abrupt
transition behavior, in contrast to expectations based on per-
colation theory'”'° or on Anderson localization.***’ This is

Cg
2 4 B 8 10
104 Cs/cg -]
A-1x1073 A
_4 /7
0-~2+10 N
a-4:10 0
— 91 //
n error i /
Q bar L
(@) A
O D
< 8 /
] /
] NG
b 0
X, y
o 77 ’ ’
O ’
Ve
/
70
7/
6 ’
] o
/IA
5 T T T
-6 -4 -2 O
log Cg

FIG. 1. Experimental K*® vs C, data. The triangles correspond to data
which were obtained using crystals having C,/C,~1x 1073; the circles
correspond to C,/C,=~2X107% and the squares correspond to
C,/C,~4x 107>, All of the data were recorded at a temperature of 1.8 K.
The dashed line represents the best fit using least squares linear regression
through the data points. The slope of the line is 6.5 1+ 0.3.

very different from the case of singlet naphthalene exci-
tons,”*?! and from the case of C, < 0.20 triplet naphthalene
excitons®~’ where critical concentration behavior has been
demonstrated.

We should point out than an implicit assumption made
throughout this paper is that Eqgs. (1) and (2} adequately de-
scribe the time evolution of triplet excitons. Strictly speaking
this is not the case. It is a well established fact that trapping
in a two-dimensional lattice is controlled by a time-depen-
dent rate constant & (¢) (e.g., Refs. 25-27). The time depen-
dence of the trapping parameter, however, is most signifi-
cant at early times relative to the nearest-neighbor transfer
times. The time scale of our experiments and the noise in our
spectra is such as to make the time dependence aspects insig-
nificant. In addition, the presence of a small nonzero out-of-
plane transport component will further decrease the depen-
dence of K on time (e.g., Refs. 23 and 28).

Another implicit assumption in our kinetic analysis is
that the rate determining step for trapping is finding the
BMN site. The alternative is that transfer within the guest
system is rapid enough to average the excitons effectively
across all of the guest sites, with the rate determining step
being the transfer of energy from a guest site to the super-
trap.?” Our justification for assuming that the former is true
is the strong influence that guest concentration has on the
trapping rate. The time necessary for an exciton to jump
from a nearest neighbor guest site to a BMN site should be
practically independent of guest concentration. We cannot,
however, extrapolate and categorically say that in a pure
naphthalene crystal there is no effect from having slower
guest-trap transfer than guest—guest pairwise transfer (i.e.,
7, < 1.0, see below).

IV. RELATIVE RATES OF HOMOFUSION,
HETEROFUSION, AND TRAPPING

As mentioned at the beginning of this paper, there has
been some disagreement about whether homofusion is a sig-
nificant decay channel at low temperatures. We have found
that above C, ~0.20 mole fraction, homofusion is negligible.
This is not true below C, ~0.20.

We have two types of evidence in support of the conclu-
sion that ¥, 7} €KT,. The first observation is that in almost
all cases, the decay is exponential and the decay constant is
independent of laser intensity over two orders of magnitude
attenuation of the laser power.

The second justification for ignoring homofusion arises
from estimating the exciton densities. We experimentally
measure an exponential decay rate constant X ' while tempo-
rarily ignoring the origin of this decay. We can write an ap-
proximate kinetic equation (neglecting optical detrapping)
for steady-state conditions such that

dT,
dt

Fora C,~1.0 and C, = 8 XX 10~* crystal at 1.8 K, we mea-
sured a value of K’ = 5 10° s™'. We can calculate an ap-
proximate value for the optical excitation as being @ = 10™*
mole fraction/s. This value of @ was based on a 100 mW laser

= +a—K'T,=0. (11)
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power, a 10~2* cm?/molecule absorption coefficient,”” and a
1 mm? illumination cross section.

Rearranging the steady-state kinetic equation gives
T, = a/K=~10""" mole fraction relative to C,. A specific
C,oH; exciton is thus far more likely to find 2 10™* mole
fraction BMN site than to find a second 10~!! mole fraction
C,oHj exciton.

There are several interesting results that can be extract-
ed from this calculation of the naphthalene exciton density.
If we reduce C, to 0.21 (with C,/C, =2X107*) then the
decay rate constant slows to 100 s™'. This gives a free exci-
ton density of 10~° mole fraction as opposed to the 10~
value calculated for the C, = 1.0 crystal. Thus, in crystals
such as those used by Klymko and Kopelman,®’ it is no
longer appropriate to say that a free exciton is more likely to
find a BMN site than to find a second free exciton. This
manifests itself in the deviations from exponentiality for
C, = 0.21 and low supertrap concentration (Fig. 2).

Another question, now that we have shown that homo-
fusion is negligible in crystals with C, > 0.20, is how the rates
of heterofusion and trapping compare to one another in
these crystals. Although the physics of heterofusion and
trapping are quite different, the kinetics of the two are simi-
lar. Both processes are dependent on the rate K, at which an
exciton can move through the guest quasilattice and find a
BMN site. The kinetic processes differ only in their efficien-
cies 77, and 7, and in their density terms 7, and C{ (BMN
excited state and ground state populations, respectively),
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FIG. 2. Decay spectra as a function of C, and C,. The four spectra show the
delayed fluorescence decay for several crystals. All of the spectra were re-
corded at 1.8 K. The crystal composed of C, = 0.21and C,/C,~10"*hasa
decay which was significantly nonexponential. Increasing either C, or C,
increased the decay rate and decreased the deviation from exponential de-
cay behavior. The C,=1.0 spectrum is a representative sample of the high
guest concentration range.

k=Kp,C?, (12)
;IZTS = knfTs . (13)

One method of estimating relative values for T, and C?
would be to proceed in the same fashion in which we estimat-
ed T, . There is, however, a problem with doing this calcula-
tion for 7,. While both trapping and heterofusion destroy
free excitons, one of these processes creates trapped excitons
while the other destroys trapped excitons.

As an alternative to numerical calculations of the super-
trap exciton density, we directly measured the ratio 7, /C;
for a crystal composed of C,~1.0and C, = 2.4 X 10™*. The
premise was that BMN molecules which were already occu-
pied by triplet excitons would not absorb 3219 A photons,
which induce the transition from the BMN ground state to
the first excited singlet state. We measured the xenon lamp
3219 A absorbance with and without the dye laser present to
excite triplet excitons.

In order to avoid the overlap between the laser induced
delayed fluorescence spectrum and the xenon lamp absorp-
tion spectrum, we used a system of shutters to alternate
between the laser and lamp excitations. We used the laser to
reach a steady-state triplet exciton distribution and then we
shut the laser off. After waiting 5 ms for the delayed fluores-
cence signal to go to zero, we applied a 12 ms xenon lamp
pulse and measured the absorbance as a function of wave-
length. The delay time and xenon lamp pulse duration were
chosen to be small relative to the natural decay time of the
BMN triplet excitons. Aside from the necessary timing of
the experiment, the resultant absorption spectrum resem-
bled a common transmitted intensity vs wavelength absorp-
tion spectrum.

The result of this absorption experiment was that the
absorbance was only attenuated by 5% + 3% when the laser
was turned on. Therefore the majority of the BMN sites are
available for trapping as opposed to heterofusion, with the

density of the occupied BMN sites being on the order of
T, = 1X 1077 as compared to C, = 2.4 X 10~* mole frac-
tion, or consequently as compared to C% = 2.3 X 10" * mole
fraction.

The other terms of interest in Egs. (12) and {13) are the
efficiencies 7, and 7,. While it is difficult to measure the
absolute efficiencies (see Refs. 23 and 24 for relative mea-
surements of 77, and 7,), we can discuss some of the terms
which contribute to these quantities. We will see in Sec. V
that 7, is substantially reduced by the fact that most of the
heterofusion events do not change the guest triplet exciton
density and therefore do not affect the rate of change in the
delayed fluorescence intensity. On the other hand, 7, is en-
hanced by the presence of small energy funnels surrounding
the supertrap sites on the lattice.?'*>

Like the values for T, and C?, these contributions to 7,
and 7, suggest that trapping is the primary mechanism for
the decrease in the free exciton population. Heterofusion
acts only as a weak nonperturbing probe of the C, Hj triplet
density. This conclusion is further supported by our observa-
tion that our experimental values for X did not change, with-
in 20% uncertainty, as we decreased the laser intensity by a
factor of 100. If the trapping and heterofusion rates were
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comparable, and assuming 77,77,, then changing the laser
intensity would have changed the ratio of steady state T, and

C? values and consequently changed the measured value of
K.

V. ANNIHILATION PARTITION FUNCTIONS

The annihilation of a guest and trap exciton can lead to
one of several products (Table I): a guest or trap singlet exci-
ton; a guest triplet exciton; or a trap triplet exciton. The
partitioning of these products is given by the respective frac-
tions fY), f2, and £, where the sum of the three is de-
fined to equal unity. This partitioning has a large effect on
the contribution of annihilation to the delayed fluorescence.
If the product is a guest triplet exciton then there is no
change in the guest exciton density and consequently there is
no change in the delayed fluorescence decay rate.

Statistically, one out of four annihilation events yields a
singlet exciton, while a triplet exciton is produced the other
three times.?**! (Strictly speaking this is only true for homo-
fusion. It should be a good approximation for BMN/C,,H;
heterofusion, however, since the orientations of the fine
structure principal axes for the two species are very simi-
lar.*?) This partition function must be modified since the
resultant singlet exciton has a 0.67 probability of converting
back to the triplet state via intersystem crossing.>->* There-
fore, the final partition function for producing a singlet exci-
ton is

fI=0.25%(1 —0.67) = 0.08 . (14)

The division of the remaining 0.92 probability between
f?and £ will depend on the probability F,,, of the triplet
exciton remaining correlated with the trap site during the
annihilation process and during the subsequent relaxation
back to the first triplet state:

fP=[1-fYIX[1-Fe ], (13)

fE=[1=fPIX[Feor ] - (16)
The end-product exciton is said to remain correlated with
the BMN site if the initial product is a trapped exciton or if
the initial product is a free exciton which subsequently un-
dergoes rapid trapping by the now vacated BMN site.

By looking at the steady state probability P that an exci-
ton is trapped within its lifetime, it is possible to determine
F_,, for the case of annihilation-generated singlet excitons.
The experimental expression for Pis

I +al,
where I, and I; are the C,,Hz and BMN fluorescence inten-
sities and « is a factor which accounts for translating the
realtive intensities into relative guest and trap exciton densi-
ties.?® (See Ref. 21 for a full discussion regarding how we
measured P.) We define several different trapping probabili-
ties. P, is the overall trapping probability of singlet exci-
tons which are produced by annihilation. Experimentally,
P, is the delayed fluorescence trapping probability result-
ing from steady state dye laser excitation P, = Py,,.
Theoretically, P,,, is the weighted sum of trapping probabi-
lities P, and P, .. for excitons which do and do not re-

main correlated with the BMN sites of heterofusion:
Pann = [FcorXPmr] + [(I—Foor)xpnoncor] . (18)
We rearrange this equation to give
P_—P

ann noncor ( 1 9 )

P, —P

By definition, any exciton which remains correlated
with the BMN site during heterofusion will have a trapping
probability which is equal to unity: P,,,=1. On the other
hand, the noncorrelated production of C,,H; singlet exci-
tons by heterofusion should be identical to the random pro-
duction of singlet excitons by xenon lamp excitation:
PﬂOnCOr = Pxenon M

We used Eq. (19) to determine that F, = 0.03 for a
C,~1.0,C, = 2x 10~ > crystal. If F,,, is the same for singlet
and triplet excitons, then the value for F,, can be substituted
into Egs. (15) and (16) to obtain the partition fractions listed
in Table IL. As can be seen, the most probable outcome of a
heterofusion event is that one exciton is destroyed while the
second remains as a free (guest ) triplet exciton.

The efficiency 7, is given [cf. Eq. (5)] by the fraction of
collisions giving annihilation multiplied by a numerical fac-
tor of f) + ) = 0.11. This attenuation factor of 0.11 pro-
vides support for saying that the major contribution to the
decay in the delayed fluorescence intensity is trapping rather
then heterofusion.

F,,, as a Function of Concentration: Table 111 lists F__,
values for a number of different guest and supertrap concen-
trations at 1.8 K. As we decrease the guest concentration
from C,~1.0, we see that the singlet correlation fraction
rapidly increases. This is consistent with an exciton cluster
confinement model, e.g., percolation.'” !

The cluster boundaries and ramified nature of the clus-
ters in a mixed lattice make it difficult for the exciton to
escape from the BMN site. The exciton must move to a dif-
ferent cluster, or subcluster in a ramified cluster, from the
one in which the trap site resides if the exciton is to lose its
correlation with the BMN site. Near C, = 0.20 the correla-
tion fraction begins to decrease with decreasing guest con-
centration. At this point the clusters are becoming small
enough so that it may become easier for the annihilation-
generated exciton to move to a different cluster from the one
containing the BMN site before the highly excited exciton
relaxes back to the first singlet state. Due to this cluster con-
finement effect, which is seen for singlet excitons at 1.8
K?*?! but not for triplet excitons for C, > 0.20, the only sing-
let F_ value which we can treat as being equal to the triplet

cor

F,,, value'”'® is that for the C, ~1.0 crystal.

F,

cor —

VI. OPTICAL DETRAPPING

An integral part of the experimental technique outlined
in this paper is that we eliminate the prompt fluorescence by

Table II. Annihilation partition fractions for C,~1.0 crystal.

fusion—S 1 — 0.08 = 0.08
fusion— T, = (1 —0.08}x(1 — 0.03) = 0.89
fusion—T, [P =(1 —0.08)x(0.03)=0.03
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Table III. Annihilation correlation fractions {1.8 K).

C, C,/C, P(xenon) P (laser) F..,
10 8Ix10~* 1.0 1.0

10 17x10-3 0.13 0.16 0.03 + 0.09
076  53x107° 0.033 0.46 0.44 1 0.16
057  14x10-? 0.051 0.42 039+ 0.15
057  24x10-* 0.018 0.39 0.38 + 0.13
0.56  3.1x10-° 0.008 0.44 0.44 + 0.14
042 88x10~* 0.030 0.58 0.57 4 0.17
042  13x10°¢ 0.013 0.71 0.63 4 0.17
020 1.8x10~? 0.008 0.26 0.25 4 0.10
021  2.0x10~* 0.001 0.17 0.17 + 0.06

exciting the first triplet state of naphthalene directly. This
requires that we use a high-intensity laser since the
*B,,<'A,, transition is spin forbidden. Unfortunately the
large monochromatic photon flux can lead to problems
which do not normally arise with an arc lamp. Specifically,
we have found that triplet excitons in naphthalene mixed
crystals are affected by triplet—triplet absorption.>5*’

The oscillator strength for triplet~triplet absorption at
4714 A is approximately’® f~10~2 while the *B,,«'4,,
ground state oscillator strength is roughly®® f= 5x107"°.
This difference in absorptivities more than compensates for
the 101 ratio of BMN-’B,, and C,;H-'4,, absorbate
concentrations which we calculated earlier. Therefore, the
same laser which is used to excite triplet excitons is also capa-
ble of cycling each of the trapped excitons through several
triplet—triplet absorption and relaxation events during the ex-
citons’ lifetime. (The time required for the system to relax
back to the first triplet state following the absorption step is
in the subnanosecond range.)

We found that the effect that triplet—triplet absorption
has on our mixed crystal system is to detrap excitons out of
the BMN sites. To demonstrate this we did a double-excita-
tion experiment. The crystals were irradiated by both a xe-
non lamp and a dye laser. The xenon lamp created triplet
excitons indirectly via intersystem crossing from the singlet
manifold. The dye laser was set close to, but not right on, the
C,oHg 0-0 *B,,«'4,, absorption wavelength (4720 and
4714 A, respectively).

Figure 3 shows several time-resolved spectra for this
double-excitation experimental design. We applied a xenon
lamp pulse {using a mechanical shutter) which was long
enough to reach a steady-state exciton population distribu-
tion. After a preset delay interval, we applied a laser pulse.
We monitored the fluorescence intensity as a function of
time during this sequence of events. The first spectrum in
Fig. 3 shows the result that was obtained when we only used
the xenon lamp. The lamp induced a strong emission signal
composed of both delayed and prompt fluorescence. The 3
ms fall time was due to the transit time of the shutter. The
second spectrum was obtained when we only used the off-
resonance laser pulse. In the third spectrum, we used both
the xenon lamp and the dye laser. As before, we initially saw
the falloff of the xenon lamp-induced fluorescence. In this
spectrum, however, when the laser was turned on a new fiu-
orescence signal appeared.
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FIG. 3. Double-excitation decay spectra. The figure shows several time
spectra of delayed fluorescence measured with a C, ~1.0 crystal doped with
C, = 1073, The three time spectra correspond to that seen using only a xe-
non lamp, only a 4720 A laser, and that seen using both. The timing se-
quence for the lamp and the laser irradiation of the crystal is shown at the
top of the figure. The intensity peak at 3040 ms in the third spectrum is
induced by the laser pulse, but is only visible if the crystal was first excited
by the xenon lamp.

We found that the intensity of the laser-induced signal,
relative to the xenon lamp signal, decreased exponentially
with increasing delay time between the xenon lamp and the
laser pulse. The rate constant for this decrease was approxi-
mately equal to the inverse lifetime of the supertrap first
triplet state. We also found that under steady state lamp and
laser conditions, the laser-induced increase in fluorescence
intensity was accompanied by a decrease in BMN phospho-
rescence intensity.

These observations indicate that the laser causes optical
detrapping of BMN triplet excitons. While the system is in
the highly excited triplet state, or possibly during the relaxa-
tion back to the *B,, state, the exciton is able to move on the
lattice from the BMN site back to the guest quasilattice. This
process would be similar to the motion of excitons during
annihilation, as discussed in the previous section. Shirakawa
et al.*’ report a similar detrapping observation and conclu-
sion for betachloronaphthalene doped in naphthalene. This
indirect detrapping effect is different than the direct triplet-
pentacene-to-triplet-naphthalene process which was used by
Morsink and Wiersma.*?
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We also considered two possible alternative explana-
tions for the laser induced signal, both of which we subse-
quently concluded had negligible effects on the delayed flu-
orescence. The first was that the laser causes local heating of
the crystal and this leads to thermal detrapping of the exci-
tons. Measurements have shown'? that the increase in the
bulk crystal temperature due to the dye laser (under our ex-
perimental conditions) is less than 1 K. On the other hand, a
minimum temperature of 17 K is necessary for significant
thermal detrapping.®'>'* The other possible mechanism is
that triplet—triplet absorption induces fluorescence via inter-
system crossing from a highly excited triplet state to the sing-
let manifold. Keller*® has measured the quantum yield for
intersystem crossing following naphthalene triplet—triplet
absorption in a glass matrix at 77 K. He found that the ratio
of the number of intersystem crossing events to the number
of photons absorbed by triplet—triplet absorption was only
5x1077.

The optically induced detrapping process has a number
of ramifications on the use of lasers for studying exciton dy-
namics. One concern is that the kinetic analysis earlier in this
paper, which is based on decay measurements made while
the laser is off, is not applicable when the laser is on. This
means that we must be careful when applying our kinetic
model to steady-state experiments and to measurements of
the luminescent rise times.

A second area where caution is necessary is when de-
signing experiments which attempt to use the dye laser to
excite given molecules in a crystal selectivity. As an example,
it may be helpful to selectively excite a trap site and monitor
the consequent phosphorescence or fluorescence spectrum
and make inferences about transfer between sites or to assign
emission peaks (e.g., Ref. 39). Unfortunately, while it is pos-
sible to excite a given species with the laser, the laser will also
subsequently scramble those excitations across all of the sites
in the lattice. There is an obvious, partial analogy to detrap-
ing by heat pulses.*>*!

VIl. SUMMARY

In this paper we have demonstrated that the rate of
decay of the delayed fluorescence intensity can be used to
extract information regarding the rate of triplet exciton
transport among naphthalene sites. The experimental proce-
dure is to apply a pulse of laser radiation which is sufficient
in energy to excite the C,H, triplet state directly and long
enough in duration to reach a steady-state exciton distribu-
tion. The decay in delayed fluorescence intensity, after turn-
ing off the laser, acts as a direct measure of the decay in the
C,,H; exciton population, which is due to trapping and he-
terofusion. This technique depends on the fact that the
C,oH; exciton density is much smaller than the density of
both ground state and excited state BMN molecules.

While heterofusion is present in sufficient amounts to
be able to monitor the delayed fluorescence, the dominant
decay mechanism for C,,H, triplet excitons in our experi-
mental system is trapping by the BMN ground state sites.
There are two pieces of evidence for this. We have shown
that under typical experimental conditions, only ~5% of
the supertrap sites in a C,~1.0, C, = 10~* crystal are in
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their triplet excited state. We have also shown that the ma-
jority of the heterofusion events convert the guest and trap
excitons into a single guest triplet exciton, which means that
there is almost no change in either the triplet C,,H, exciton
density or in the singlet exciton densities.

Heterofusion may be weak in our crystals, but homofu-
sion is virtually nonexistent. The very rapid trapping time in
concentrated crystals keeps the guest exciton density at a
level which is several orders of magnitude less than the BMN
density. Therefore a C,,H; triplet exciton is far more likely
to find a BMN site than it is to find a second C, Hj, exciton to
annihilate with. If, however, the guest concentration is
lowered to 0.20 mole fraction, then the trapping time slows
to a level which allows homofusion to begin contributing to
the decay kinetics.

We have also shown that our kinetic analysis of the
delayed fluorescence intensity is only applicable when the
laser has been turned off. The laser not only generates exci-
tons but induces exciton detrapping from the BMN sites. We
attribute this phenomenon to triplet—triplet absorption. The
excitons are presumably able to move from a trap site to the
guest quasilattice while the exciton is in the highly excited
upper triplet state.

Triplet-triplet absorption is very efficient at detrapping
excitons; therefore the motion of the highly excited exciton
away from the trap must be equally efficient. We have also
shown that the same is true for singlet excitons which are
generated by triplet exciton heterofusion. For the case of a
C, ~1.0 crystal, we showed that 97% of the singlet excitons
are able to move away from the initial BMN site of annihila-
tion. As with optical detrapping, the highly excited annihila-
tion-produced singlet exciton must move far enough in dis-
tance so as not to be rapidly retrapped at the BMN site. We
have also shown that this probability for moving away from
the trap site is substantially reduced when one lowers the
guest concentration from C,~1.0 to C, =0.3-0.7 mole
fraction. We have interpreted this result as being due to clus-
ter confinement of singlet excitons in mixed crystals at 1.8 K.

We have shown that the question of triplet exciton
transport in isotopically mixed naphthalene crystals is a
complex problem. It is this wealth of dynamical processes
and considerations that generates continuing interest in
studying energy transfer in molecular crystals. Hopefully
what we learn about exciton dynamics in these crystals will
help provide insight into transport phenomena in more com-
plex disordered media.
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