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The long-range exciton percolation model is found to describe the lowest triplet exciton superexchange (*tunneling™)
migration at low temperature (2 ), in our medel alloy system: Binary isotopic mixed naphthalene crystals with dispersed
exciton sensors (supertraps) consisting of small concentrations of betamethylnaphthalene (~10~3 mole fraction) or isotopic
substituted naphthalene molecules (with lower excitation energies than the partially deuterated naphthalene guest species).
While the “host™ is CoDg throughout, the *‘guest™ species in our five experimental systems are: CyoHg, 2-DCoH7,
1-DCyoH~, 1,4-D3CoHg and 1,4,5,8-D4CyoHa- The variation in guest—host (and supertrap—guest) energy denominator
in the above systems enables a quantitative test of our physical exciton superechange (tunneling) migration model, in con-
junction with a mathematical long-range percolation model (J. Hoshen, E.M. Monberg and R. Kopelman, unpublished).

The experimental monitoring of the exciton migration dynamics consists of refined phosphorescence measurements on our
systems, under highly controlled conditions (crystal quality, purity, concentration, temperature and excitation). Using only
the known nearest neighbor (interchange-equivalent) exciton exchange interactions, quantitative agreement with the experi-
mental dynamic percolation concentration is achieved, without adjustable parameters, for four of the five investigated sys-
tems. The fifth one is known to involve a cooperative percolation—thermalization exciton migration, and is effective in
qualitative agreement with the predicted upper limit for the exciton percolation concentration. The nearest-neighbor 3By,
excitation exchange interactions, and their square lattice topology, play the dominant role in determining the guest triplet
exciton energy transfer and migration. This energy conduction involves an extremely narrow “impurity band”, on the order
of 10 to 102 Hz, formed by the superexchange (tunneling) exciton interactions resulting from the above mentioned exciton
exchange interactions (integrals). The latter are thus confirmed as the major contributors to the 3B 1u €Xciton transfer, migra-
tion and energy band (3 X 10!! Hz) in the ordinary naphthalene crystal. Just below the percolation concentration the
“impurity conduction band” further shrinks by one or two orders of magnitude, resulting in a bandwidth of about one
hertz or less, and thus practically resulting in the “‘switching off” of the exciton transport. The tunneling radius is about

30 A or larger, depending on the system, but essentially in the gb plane.

1. In't‘roduction

The trap-to-trap migration concept was introduced
[1] over a decade ago to describe long range triplet
exciton transfer. It was suggested that such migration
could occur by “tunneling” {1], i.e., a super-exchange
type [2] interaction through the host exciton band,
the direct Forster—Dexter type interaction [3] being
of small importance for such long range (non-near
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neighbor) triplet exciton transfer. Recently [4], we
have introduced the concept of exciton percolation
which describes the onset of free exciton flow through
the impurity and it was shown that, due to the in-
creased trap-to-trap migration length in a longlived
triplet, the effective percolation for the triplet can
occur at a much lower concentration than the static
percolation [5] which defines the concentration at
which the impurity density-of-states becomes a quasi-
continuum.

To experimentally determine the exciton percola-
tion concentration (which depends on the exciton
life-time) for a given impurity (trap) a method was

. proposed [4] utilizing the doping of the sample with
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energy (supertrap) and using it to monitor the exciton
flow. At the onset of the exciton percolation, the
supertrap emission increases dramatically.

In this paper we present some studies on triplet
energy transfer in muiticomponent isotopic and
chemical mixed naphthalene crystals. We find that as
a supertrap is often “naturally” contained in the trap
sample, the concentration of the trap and that of its
supertrap are coupled and what one measures is an
exciton percolation which explicitly depends on the
concentration of the supertrap.

An energy denominator study of the exciton per-
colation reveals it to be highly dependent on the trap-
depth, showing the importance of the indirect, i.c.,

'superexchange interaction through the host exciton
band. Using a superexchange approach, whichis a
modified Nieman and Robinson {1] formulation, for
trap-to-trap (“virtual band”) transfer we get good
agreement with experiment without any adjustable
parameters. To utilize the superexchange formalism
we use a specially developed mathematical formalism
of “long-range” percolation [6]. The long-range bond
is defined as a succession of near-neighbor bonds. Us-
ing solely the known [7] interchange equivalent
nearest-neighbor exciton interactions we get good
agreement with experiment. Thus the important exci-
ton exchange interaction of 3Blu naphthalene is con-
firmed to be in the ab plane and the superexchange
interactions and transfer are largely two-dimensional.
The “switching” (on-and-off) of the dynamica! energy
transfer of the lowest triplet exciton of naphthalene
is found to depend, as expected [4], on the guest—
host energy separation (denominator), on the guest
concentration and on the supertrap concentration
(relative to the guest). The superexchange interactions
that dominate the energy transfer at the percolation
point are sometimes as low as only a few hertz.

In the case of the a-D412C10H4 trap in the C;jDg
host, we find that effective percolation occurs at a
concentration much lower than would be expected
from theoretical long-range percolation and superex- .
change considerations. We attribute this to coopera-
tive percolation—thermalization, which will be discussed
further in a future publication.
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Experiments were performed on chemical and iso-
topic mixed crystals with betamethylnaphthalene
(BMN) and naphthalene C 10H8(H8) 1-DC;oH;(aDy),
2-DCyoH4(BDy), 1.4-DoC;oHg(eDy),
1:4,5,8-D4CyoHy (aDy) as guests in Cyq Dg(Ds) as the
host. The Dg (Merck, Sharp and Dohme; International
Chemical and Nuclear Corp.; Thompson Packard Inc.;
99.0% deuterium atom purity) was first zone refined
(50 passes) then potassium treated to reduce the con-
centration of interfering f-methylnaphthalene (even in
the cases where it was later added), and finaily exten-
sively zone refined (>200 passes). The partially
deuterated naphthalenes obtained from Merck, Sharp
and Dohme were purified only by zone refining
(several hundred passes), as it has been demonstrated
18] that during the potassium treatment protons and
deuterons are exchanged. The purity of these com-
pounds was determined mainly by mass spectra and
NMR, the latter being used to determine the actual
position (o or §) of the proton positions in the par-
tially deuterated compounds. Table 1 summarizes the
isotopic purity of the compounds used in the various
crystals [9]. The actual concentrations of the guest
(C,oHg) species in the C;gHg/C,oDg/BMN crystals
was determined by mass spectrometry and the BMN
concentration was found by gas-liquid chromato-
graphy. It should be mentioned that BMN seemed to
be soluble in naphthalene only up to a concentration
of ~0.1%. Above this concentration it began to form
micro-crystals of BMN as it was excluded to the outer
surface of the boule. We also carried out spectroscopic
absorption experiments (at 2 K and 77 K) to check
the relative concentrations of the components, as well
as NMR experiments [9] (see table 1).

The crystals were grown from the melt, cleaved
along the cleavage plane (#b) and mounted in a crystal
holder which was in the form of a metal frame cage so
that the crystal could move freely within the holder.
Thus the crystal was subject to minimal strain. The
crystals were always checked to be optically single by
observation through crossed polarizers. Also, X-ray
precession photographs were taken to determine the
alignment of most of the crystals.
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Table 1
Isotopic purity of isotopically substituted naphthalenes

CioDg 1,4,5,.8-D4CygHs(eDg)
% Abundance ¢}

Species Species % Abundance €)
ICN206963) TP1bB)  TP2 TP3 TP4

Ci0Ds 95.2 92.5 91.3 92.1 92.7 C10DeH 15

CioD5H 4.9 6.7 8.7 12 CyoDsH;3 114

CroDgH, 0.8 0.1 CoDaHa 734

CroHg 0.008 CyoDs3Hs 9.5

CioD2Hg 33
Total Cm DH7 0.9
deuteration 99.4+0.1% 99.0:0.1% 98.9:0.1% 99.1:0.1% 99.0:0.1%

1,4-D,CgHg(aD;) [Merck, Sharp, Dohme]

2-DCygH7(6D ) {Merck, Sharp, Dohme]

NMR indicates that the fraction of &
protons present is < 0.05 indicating
that the a positions are highly more
deuterated than the g positions [9].

1-DCygH4(aDy)

Species % Abundance ©) Species % Abundance Species % Abundance ©)
CioHeD2 98.0 CioHgD2 0.14 CioHgDy 051

CioH¢D 1.8 CioH;D 97.1 CyoHyD 97.3

CioHg 0.1 CyoHg 2.64 CipHg 218

The integrated intensity of o proton NMR
divided by the g proton intensity {9] is
0.43 + 0.05. The expected ratio is 0.5 for
pure o substituted Ds.

2-DCyoH7.

Ratio of o to g protons from NMR is1.7.
The expected ratio is 1.33 for pure

Ratio of « to § protons from NMR
spectrum is 0.78; 0.75 is expected
for pure 1-Dy.

a) International Chemical and Nuclear Corp. Lot number 20696.

€) Mass spectral data corrected for 13C contributions.

b) Thompson-Packard.

Notes: (1) The relative isotopic naphthalene concentrations are confirmed by absorption spectra (see refs. [9] and [10]).
(2) The concentrations of BMN in our chemically mixed crystals are given for each sample in ref. [28], as well as datailed

analytical procedures.

The crystal was immersed in supercooled liquid
helium with a temperature of 1.6-2.0 K (determined
by measuring the pressure of helium gas above the
liquid). A 1600 watt Hanovia Xenon lamp was used
as a light source. For calibration, a Westinghouse
iron-neon hollow cathode was used. When phosphor-
escence spectra were recorded, the filter consisted of
asolution of 170 g/R of NiSO, and 40 g/2 CoSO,
witha 5 cm pathlength and either a Corning CS7-54
or a Schott UG-11 glass filter. Also a Corning CS0-52
glass filter was used at the spectrometer slit to prevent
the second order fluorescence overlap. The lamp was
set at a right angle to the spectrometer axis so that

the front surface of the crystal was illuminated and
reabsorbtion of the origin was minimized.

The spectra were recorded photoelectrically on a
Jarrel-Ash model 25-100, 1 meter, double Czermny-
Turner spectrograph—spectrometer. The detection
system consisted of an ITT F4013 photomultiplier
mounted in a Products for Research housing cooled to
below —10°C. The signal from the photomultiplier
was fed to an SSR Instruments model 1120 discrimi-
nator/amgplifier which was in turn connected to an
SSR Instruments model 1110 digital synchronous
computer. The output of the latter was interfaced
with a Kennedy 9-track magnetic tape. A mirrored
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chopper (Princeton Applied Research chopper motor
and Brower Laboratory mirrored chopper blade)
allowed the simultaneous recording of both the crys-
tal spectrum and the calibration spectrum. A cali-
brated plot was obtained from the data recorded on
magnetic tape with the aid of specially designed [9}
software and an IBM 360/67 (or Amdahl 470V/6)
computer. Another computer program [9] provides
for versatile plotting options, objective despiking and
smoothing, as well as “interaction” with the spectrum
on a graphics terminal, adding spectra together and
integrating peak intensities while subtracting back-
ground.

3. Experimental results

Fig. 1 shows a concentration dependence study of
the 2 K phosphorescence in the origin region of the
added guest naphthalene-aD, (unless otherwise indi-
cated this nomenclature implies all &D413C,, 12C;,_,H,
isomers, with the prefix indicating the position of the
cdeuterium substitution, and the same convention will
be used for other partiaily substituted isotopic
naphthalenes). The host is always naphthalene-Dg.
Spectrum A is obtained from the crystal containing
0.039% mole of the aD4 sample (which also contains
aD3, aD,, aD;, Hg, ete.). The strongest peak (21271
cm™!) in the spectrum belongs to aD,. The other two
major peaks (21256, 21240 cm—1), correspond to
aDj and abD,. The triplet origin assignment for the

various naphthalenes in naphthalene-Dg host has
alrcady been presented elsewhere [10]. The peak

(21279 cm—1) corresponding to the Dy origin can
also be seen. It should be noted that the aD4 peak
has an asymmetry on the high energy side. Spectrum
B has been obtained from a crystal containing 0.35%
mole of aDy in the Dg host. Several changes have
taken place in going from the 0.039% to the 0.35%
sample. The intensity of oD, has decreased consider-
ably, while that of oD, has been greatly enhanced.
On the other hand, there is no significant change in
the aD4 intensity. This shows a selective large energy
transfer between aD4 and aD; even at this low con-
centration. The peak corresponding to D5 can barely
be seen above the noise level. Furthermore, the peak
due to a4 has an asymmetry appearing now on the
lower energy side. Comparing the aD4 bands in these

)|l

21204 21224 21244 21264 21284
FREQUENCY {cm™)

Fig. 1. Concentration dependence of 1,34,5,8-D4CjoHg in
Cy0Dg phosphorescence. In A the total guest concentration
(see table 1) is 0.039% mole while in B it is 0.35% mole. The
resolution of both of these photoelectrically (photon counting)
rccorded spectra is 1 cm™1.

crystals of two different aD, concentrations, we find
that the peak in the higher concentration (0.35%) is
shifted about 1.5 cm—1! to higher energy, relative to

the peak in the 0.039% crystal. This shift corresponds
to the one observed for 13C substitution for the
naphthalene triplet state {9,11]. On this basis we

feel that in the 0.039% crystal spectrum the major
peak corresponds to aD,12C,oH,, the higher energy
asymmetry being due to the unresolved aD413C12CgH,
peak. On the other hand, in the 0.35% sample, the peak
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Fig. 2. Concentration dependence of the 1,4-D2CyoHg in C1oDg phosphorescence spectrum. The higher energy peak in all three
spectra is the 1,4-D; peak. The next lower in energy is 1-Dy and the weak feature at lowest energy is CjoHs. In spectrum A the
concentration of guest was 0.22% mole; in B, 1%; and in C, 5.1%. The 0.07% mole spectrum was omitted but is identical to A. The
resolution was 1 c™? in all of these spectra and the spectra were recorded photoelectrically. The relative concentrations of other

guests is indicated in table 1.

is due to aD13C12CqH, while the asymmetry on the

lower energy side is due to aD412C19H4. This implies
that only aDy'2C;pHy and not Dy 13C!2CqHy has
transferred its energy to its supertraps.

Fig. 2 exhibits the phosphorescence from crystals
containing different concentrations of aD, in the Dg
host. Here aD, is the trap while «D; and Hg are the
principal supertraps. As the concentration of D, in-
creases the intensity shifts from aD, to aD and Hg.
However, the concentration at which the relative in-
tensity of the trap and the supertrap switches is now
much higher (5%).

Figs. 3 and 4 show similar studies on crystals
composed of different concentrations, respectively,
of ¢D, and §D; in the Dg host. For the former the
supertraps are D, and Hg, while the latter has only
one supertrap, Hg. Here, again, with increasing trap
concentration the intensity of the peaks of the super-
traps grow while that of the traps decreases. Once
again, in the case of aD); where there are two super-
traps (fD; and Hg) aD; appears to transfer energy

selectively to one supertrap, Hg.

In fig. 5 we see the phosphorescence from several
crystals containing increasing amounts of C;,Hg while
the BMN concentration is held constant at a level of
less than 0.001. Here C;Hg is the trap and BMN is

the supertrap. As the concentration of C,qHg in-
creases, the emission intensity shifts from CjgHg to

BMN. The guest concentration at which the above
mentioned intensity shift occurs is now about 9%.
Note also the C;yHg linebroadening just above perco-
lation (not yet observed even at 8.3%). Fig. 6 demon-
strates this shift and its catastrophic nature. Here the
abscissa Cg is the total concentration of guests (includ-
ing trap and supertrap, for theoretical reasons {4]),
while the ordinate is IS/Itotal for reasons discussed
below. However, we note here that the omission of
the relative molar cross section ¥ (including both
radiative yields and trapping efficiencies — see below),
makes little difference in the major features of the
curve (fig. 6).

In summarizing the results obtained, we see that in



418 - R. Kopelman et al./.ong range exciton percolatign and superexchange

xl
|

LW LA U

21203.0 212230 212430 212160 212360 212190 21239 212140 212340
FREQUENCY (cm ')
Fig. 3. Concentration dependence of the phosphorescence spectrum of 1-D3C;gHy in CyoDg. The concentrations of guests for
spectra A to D are 0.088% mole, 0.22% mole, 0.7% mole and 5.0% mole, respectively. The relative concentrations of impurities in
the 1-Dj are indicated in table 1 {in fig. B the orientation splitting can be observed). All four spectra were recorded photoelectric-
ally witha 1 cm™ resolution, except B which has a resolution of about 0.7 em™1.
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" FREQUENCY (em™ i
Fig. 4. Concentration dependence of 2-D1CygH7 in Cy0Dg phosphorescence. These spectra are similar to the previous three. Here
the principal guest is 2-D; (concentrations of other guests, relative to 2-Dy, are indicated in table 1) in concentratlon of 0.009%
mole, 0.91% mole, 4.9% mole, and 10% mole from A to D.
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Fig. 5. Concentration dependence of the trap (CoHg) and
supertrap (BMN) phosphorescence in a CyoDg host at 1.7 K.
The concentrations are given in mole percent guest (CygHg),
while the BMN (betamethylnaphthalene) concentration is
roughly constant (~0.1%). The rclative intensities (photon
counts) are quantitative only for transitions at the same guest
concentration. Note the broadening of the CyoHg peak above
the precolation concentration. The exact BMN concentrations
are given in ref. [28].

the multicomponent systems investigated, as the con-
centration of the trap increases the intensity shifts to
a supertrap. However, the concentration at which the
shift in relative intensity, from the trap to its super-
trap, occurs is dependent on the trapdepth, increasing
with an increase in the trapdepth. The energy transfer
from a particular trap to its supertraps also appears to
be selective [9]. The first effect is discussed quantita-
tively below while the second one, partially discussed
in [9], will be discussed further elsewhere.
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Fig. 6. Experimental percolation curve for CyoHg (trap) in
Cy0Dg (host) with a BMN sensor (supertrap) at 1.7 K.
Ig/ligtay is the ratio of the integrated intensities, sensor to
total guest, where “total guest™ refers to the sum of trap and
supertrap integrated intensities. Cg is the total guest concen-
tration {mole fraction), which is practically the same as the
trap concentration, the supertrap concentration being about
1073 mole fraction throughout. The points are derived by
integration of spectra, some of which have been shown in
fig. 5. The exact concentrations and cluster compositions for
each data point are tabulated in ref. [28].

4. Some definitions

The molecules with highest excitation energy form
the host, by definition, irrespective of its concentra-
tion. Generally, the “host* is the majority component,
but it may include some impurity components of
similar energy, usually differing only by the isotopic
composition of one or two atoms (carbon or hydrogen).

The molecules with significantly lower energy
(relative to kT) than that of the host form the traps
and supertraps. The highest energy trap is usually
called the guest. It is usually present in higher concen-
trations than the still lower energy traps. The latter
are called supertraps. However, the “‘guest” may in-
clude some “impurity” traps, which are very close to
it in energy, usually differing from it only by the iso-
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topic composition of one or two of its atoms (carbons
only).

While there usually exist more than one supertrap
species, we deal with all these species collectively as
“supertraps”. Also, total guest means traps and super-
traps combined.

The effective percolation concentration is defined
here to be the turning point in the ratio of combined
supertrap emission/trap emission, i.e., when this ratio
becomes unity.

5. Synopsis of experimental results

The systems discussed are tabulated (table 2). For
systems I-1V the relation

A=E - E,>kT )]

is well obeyed at our temperature of investigation
(2 K), where h designates the host and g the guest
(trap) species. However, this relation (eq. 1) is not
good enough for system V, which will be discussed,
therefore, separately (see also ref. [9]).

A series of emission spectra was shown (fig. 5)
for system I (see table 2). These are summarized in
fig. 6. It can easily be seen that the effective percola-
tion concentration is at about 0.09  0.02 mole frac-
tion of guest.

The behaviour of system II (see table 2) is demon-
- strated by its series of emission spectra (fig. 4). It can
easily be seen that the effective percolation concen-
tration is about 0.07 % 0.02 mole fraction guest. Sim-
ilarly, the behaviour of system I1I (see table 2) is
demonstrated by its emission spectra (fig. 3). Its effec-

Table 2

tive guest percolation concentration is 0.03 £ 0.02
mole fraction. The system IV (table 1) behaviour is
given in fig. 2. Its effective guest percolation concen-
tration is 0.04 = 0.01 mole fraction. ,
System V “percolates™ at a concentration of about
10-3 (fig. 1). As eq. (1) is not quite justified for it,
this case will be discussed in a separate paper, together
with the higher temperature results of systems 1-1V.

6. Percolation and superexchange

Site percolation [12,13], for a given topology,
merely depends on the range of interactions. While
most ordinary examples of lattice site percolation as-
sume nearest neighbor only interactions, longer range
interactions have been considered [6]. For instance,
for an infinite square lattice the critical (percolation)
concentration [12] is 0.59, implying nearest neighbor
only interactions. However, by adding next-nearest
neighbors, this value gets reduced to 0.41 for what is
generally called [12] square (1,2). This process can be
generalized to next-next-nearest-neighbor interactions
[6], giving the square (1,2,3) lattice with C, =0.29,
etc.

1f one considers a guest—host—guest type interaction
(tunneling or superexchange) [4,5] then it is of
interest to count the number of intervening “bonds™
[6]. For instance, one intervening host site means 2
bonds between the two guest sites, fwo intervening
host sites means 3 bonds, three intervening host sites
means 4 intervening bonds, etc. We notice that allow-
ing onte intervening host site (i.e., 2 bonds) in a square
lattice, and counting over both one bond and two

List of experimental systems
System Host Guest (trap) Eh-Eg Supertraps (major)
(em™)
I C1oDs CioHs 88 a) BMN b)
II CioDg 2-DCyoH4 812) CioHg
THI CioDg 1-DCyoH~ 722) 2-DCy0H7;CioHg

v CIODB 1,4~D2C10H6 57 a) 1-DC10H1; C]oHa

v CioDg 1,4,5,8-DaCroHs a742) 1,4,5-D3C10Hs; 1,4-D2C1oHe

2) The difference between the host excitation energy (Ey) and guest energy (Eg) assumes a pure host (Ey, is the bottom of the
exciton band) and a highly ditute guest (Eg is isolated monomer energy). See ref. {10].

b) BMN is betamethylnaphthalene.
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Fig. 7. Long range percolation for a square Iattice. Spay(=n)
is the number of successive nearcst-neighbor bonds. Iy v is
the reduced average cluster size (6,15]. The discontinuity in
thel ;\V vs the molar guest concentration (CG) curve gives
the critical percolation concentration [4,12]. The data are
taken from ref. [6] and were derived for 2 500 X 500 lattice.
Only the relative, but not the absolute, ordinate values are
significant (due to statistical fluctuations) {6]. Results {6]
for Spax > 7 are not shown here but are given by [6]:
Cc(Smax) = 4(25Fhax + 2Smax + 7.

bond interactions results in the square (1,2,3) topo-
logy, not the square (1,2). We have investigated [6]
the site percolation problem for square lattices up to
“twelve bond” interactions (S, = 12). The results
are shown in fig. 7 (up to S;,5 = 7)-

For the specific problem of interest, the lowest
triplet exciton of naphthalene, we consider only the
nearest neighbor exciton interaction [13], i.e., the
+3(a + b) interactions, where b is the monoclinic axis
[14]. With this limitation, we consider only a two-
dimensional lattice (the a - b plane) with a topology
equivalent to that of the square lattice. Thus, to find
the critical percolation concentration, the only re-

maining problem is the superexchange interaction
range, i.e., the value of S,

The superexchange interaction in such a square
lattice (Mj ;) is given [9] by

My = I‘nﬁ"/A"—I ) iff <A, 2)

where the second guest is n bonds away from the one
at the origin (0),1.e., there are (n—1) intervening host
sites. Here f is the nearest neighbor pairwise interac-
tion, A the trapdepth (guest—host energy separation
in the ideal mixed crystal [2]) and [, a geometrical
factor, given by the number of paths, involving # bonds,
between the two guest sites. The minimum value of
T, is one, in the case where all n bonds are ona
siraight line. The maximum value (T'),) is found for
the zig-zag path, i.e., when the number of “zigs”
equals the number of “zags™. In the latter case [9]:

L), =n!/[(n/2)"1?

iff n = even, zig-zag path, (3a)
I, = n!f{[(n—1)/2]" [(e+1)/2]'}
iff n = odd, zig-zag path. (3b)

For intermediate paths, i.e., paths including more
“zigs” than “zags”, one has intermediate values. Thus
one gets for the general case of the geometric factor:

1< < F)z : . @)

Finally, to find the effective maximum range i1 of
the interaction, the total average fime of exciton trans-
fer has to be considered [4]. We thus argue that for
“effective percolation” to happen, there has to be an
even probability of the exciton registering on a sensor
[15],i-e., emitting from the supertrap. The relative
probability of supertrap registration [15], without
energy transfer (normalized to 7= 1, see below) is

P=Cs5=C5/Cg , )

where Cy is the supertrap concentration and Cg the
guest (total) concentration (in mole fraction). In our
present experiment this is less than 0.1 and will be
practically neglected (though clearly visible on our
low-guest-concentration spectra). In order to attain a
probability of 0.5, the exciton transfer has to be effi-
cient enough so as to result in roughly a 50:50 chance
for registering on the sensor. Thus the exciton has to
visit, within its lifetime, m distinct sites (not counting
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the host sites tunnelled through), where
C-—l —1 (6)

and 7 is the trapping efficiency of the supertrap [15].
Assuming random walk, the exciton has to perform

i hops (steps), where m = m, and [16~18]
m =~ nmflog m (ffm>1). )

Out of the m hops, /" involve the largest path (length
1) [19]. Below the percolation concentration, paths
of n <7 are rare [20], so that m\is close to m:

mzm. 8
We thus assume that (roughly):

mixm. 9)

" The time it takes [21] for one guest—guest hop is:
ton (4 Mg )7t (10)

where 7y , is in seconds and M in units of hertz. We
assume that a guest—supertrap hop takes roughly the
same time as a trap—trap hop (this assumption is not
crucial as guest—supertrap hops are rare, with a rough
probability of E‘S‘ 1). We also note that the relatively
rare hops of n<n have a much shorter hopping
time:

tO,n<r0,E, iffn<n.

We can thus write a toial time of transfer (¢), neglect-
ing also [20,22] the very rare hops of n >,

ﬁ\
t =Zj’ (o, 7); - an

Now the different (£, 7); differ only due to a variation
inI';, as ﬁ" and A" are fixed fora given crystal. If
we use an average l"n,

Is=( +r§)/2=r)—1)/z (12)

one can write:

r=m\fg, (13)
where |

to,, = (4My 7)™ (19)
and

My 7 =Tgpn/a"-1. 15)

Therefore, from eqs (6,9,10,13-15):

~Cgly 1z (16)
=Cg Ly l(‘“”(),ﬁ) - (162)
= AT-1/(4CyT; B7) . (16b)

This total transfer time is close to the guest exciton
lifetime (half-life) Tg» but a bit smaller, as we neglected,
timewise, hops of n #1, so that

17, (17)

We can thus write

t~mt0

AT (4T TR 07 S, - (8

This equation can be utilized in one of two ways. The
first is to assume a trapping efficiency ¥ (say ¥ =0.5),
caleulate 7 (an integer!) and predict the effective per-
colation concentration (using fig. 7), to be compared
with experiment. In the second alternative, we fit 7y to
the experiment. We note that, in our series of systems,
we may expect y to be roughly constant, at least in the
isotopic series (II—-V), unless it is quite sensitive to the
trap~supertrap energy difference (E Ey,ie.,
because of phonon Franck—~Condon factors [23,9].

Finally, we note that ideally the supertrap is a
deep-trap:

A'=E,~E>KT. (19)

Eowever, this relationship is strictly true only for
system 1. Thus even for the case of perfect energy
transfer, leading to complete equilibrium among the
excitations, we expect non-negligible guest (trap)
emission:
LIy = (C/Cg) exp(—A'(KT) ,

CG=Cg-Co=Cq, (20)
where we have assumed equal radiative yields of trap
(t) and supertrap, and also Boltzmann equilibrium

(among the excited states). Thus for Cg much above
percolation we get:

I/t + 1)~ {1 + [Cgexpa'kD] 11, @21)
for Cg > C,.

7. Relative radiative yields and trapping efficiency

For Ci; much below percolation, the emissions of
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trap and supertrap are determined by their relative
cross sections of host exciton trapping (and direct
excitation), which are roughly proportional to their
concentrations:

‘ISI(IS+It)==IS”t *-'?Es, for CS <CG<CC’ (22)

where ¥ is a relative molar cross section, for Aost trap-
ping efficiency, but normalized for radiative yields
of sensor and trap. 7 is of the order of unity [24], as
both the ratios of sensor to trap radiative yields
(for the 00 phosphorescence) and host trapping
efficiencies are roughly unity {241, as is evident from
the following discussion.

In ref. [28] we used as a measure of energy migra-
tion the expression:

P=Igi(lg + ad) = I/l 1y (222)

The expression /g /1, ,,; used as ordinate in fig. 6 im-
plies 1y ) =g + 1, as we did not correct for a,
which is similar to the inverse of . Noting the similar
value of Ig/l,,,,) in fig. 6 and in the singlet exciton
case of the same system (table 1 of ref. [28]), for the
lowest C; sample (1.2%) where no trap-to-supertrap
energy transfer is likely in either system, we conclude
that e is close to that in the singlet system [28), i.e.,
«= 2. Assuming that most of the direct host (to-trap
or to-supertrap) energy trapping occurs in the singlet
system, we get [28] for the relative trapping efficiency
about unity (compare ref. [24]) and for the relative
radiative yields (BMN/C; o Hpg) the value 2. Obviously,
for traps and supertraps differing only by isotopic
substitution, we expect the relative radiative yields to
be close to unity. As mentioned, a ratio of unity is
less obvious for the relative trapping efficiencies [9]
(sce also below), but is still implied here to be roughly
correct.

8. Discussion

-First, it will be shown that the energy transfer does
take place in the triplet state, as opposed to energy
transfer in the singlet state followed by intramolecular
intersystem-crossing, even though the excitation orig-
nates in the singlet manifold. The singlet state of fD,
is above that of the aD;, while in the triplet state the
energy levels of the two are switched [9]. Thus, if the
energy transfer had taken place in the singlet, followed

by fast intramolecular intersystem-crossing, we would
not have seenany triplet emission from gD in the
sample prepared with BD; (which contains eDy im-
purity) in the Dy host. On the other hand, we do see
emission from D, (and practically none from aD; )
which suggests that the energy transfer is taking place
in the triplet (this does not preclude energy transfer
in both manifolds, involving intermolecular guest—host
intersystem-crossing). Also, the crystal containing
0.35% aDy has the relative fluorescence intensities of
aDy, aD; and oD, about the same as their absorp-
tions {9].

We have seen that the concentration at which the
intensity shift between a trap and a supertrap takes
place, indicating substantive energy transfer, is depen-
dent on the trapdepth. This clearly establishes the
importance of the indirect, superexchange interaction
{trap-to-trap migration) for the energy transfer, as
opposed to a direct, Forster type interaction [3].

Due to the finite lifetime of the triplet state, the
excitation can move by trap-to-trap migration only
through a certain number of trap sites. The separation
between trap sites we call the tunnel length. As pointed
out before, the effective tunnel length here is about 6
10 7 nearest neighbor bonds in succession (see table.3),
and is closely related to the tunneling (or hop) time ¢
{eq. 10). Also related is the tunneling (superexchange)
energy interaction (eq. 2). With the values of table 3
it can easily be scen that My , is only of the order of
10 to 103 hertz, compared to exchange interactions
of the order of 1 cm~! (3 X 1010 hertz). At percola-
tion this gives impurity (virtual [1]) exciton conduc-
tion bandwidths of 10 to 103 hertz.

Table 3 gives a comparison of the experimental and
theoretical critical percolation concentrations, based
on eq. (18). The approach is to assume first a constant
trapping efficiency v = 0.5 (this is an absolute value,
unlike that discussed above) and then to find the
maximum 7 abeying eq. (18). The value of this 77 and
the related I';; and ¢ are in italics in the table, as well
as the corresponding Cg;(7) taken from fig. 7 (except
for system V, for reasons given below). We assumed
a relatively high 7, based on phonon amalgamation
[15].

The striking result in table 3 is the close agreement
of the experimental C(percol.) and the theoretical
Cg (7). Also, it can be seen from the ¢-column of
table 3 that the exciton transfer time ¢, based on eq.
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Table 3
Comparison of experimental and theoretical percolation concentrations (based on eq. (18), with §=1.25 cm ™)
System  Cg(percol) G Y A n - g Cgln)
(mole fraction) {em ) (s) (s) (mole fraction)
I 0.09 + 0.02 0.01 0.5 93 6 10 44 263 0.05
' 0.5 5 5 64x197% 25b) 007
0.05 4 3.5 ~6X1072 0.10
1 0.07 £ 0.02 0.03 05 86 7 18 30 28¢) 0.035
6 10 69xI107% 26b) 005
] 0.03 + 0.02 0.09 0.5 7 7 18 090 3.09 0.035
6 10 21x1072 0.05
v 0.04 + 0.01 0.04 05 62 7 18 16 3659 0035
6 10 38x1072 0.05
\' 1073 0.10 05 32 10 126 50 54Y  (0.018)9
9 63 39x107! (0.023) ©)

2 MA. Ei-Sayed, M.T. Wauk and G.W. Robinson, Mol. Phys. 5 (1962) 205.
b) N. Hirota and C.A. Hutchison, J. Chem. Phys. 46 (1967) 1561 ; measurement in durene and durene-dyq at 71K.

€) R.1. Watts and S.J. Strickler, J. Chem. Phys. 49 (1968) 3867.

) T.D. Gierke, R.J. Watts and S.J. Strickler, J. Chem. Phys. 50 (1969) 5425. This value is an average of 3-methylpentane and

ethanol solvent (glasses) values at 77 K.
€) This is for percolation [6] wizhout thermalization (see text).

(16), is indeed an order of magnitude smaller than the
exciton lifetime 7, as expected from our derivation
leading to eq. (185’. While our calculated ¢ may be off
by a factor of ten (especially due to uncertainties in
yand Es), we have a “safety margin” of a factor of
two-to-four in the r-column, i.e., before we expect a
“quantum jump” of one 7 unit (say from 6 to 7 or
vice versa). We can conclude that table 3 is at least a
successful consistency test of our approach.

It should be noted that without the mathematical
solution to the long-range percolation problem
(fig. 7) we would not be able to perform the above
test or even rationalize our data quantitatively. Fig. 7
is the necessary “dictionary” (mapping), relating the
optimum superexchange range 7 with the critical per-
colation concentration Cg(7), the only underlying
assumption being that of a square lattice topology.

The justification or rationalization of an effective
square topology upon which the calculations for the
values of Cg;(n) were based is now discussed from the
physical standpoint. Based on the experiments of
Hanson [7] and of Hanson and Robinson [7], we
know that the out-of-piane triplet exciton interactions
are an order of magnitude smaller than the in-plane

(a b) ones (a similar anisotropy is well known for
anthracene [25]). This means that any superexchange
“path” with one out-of-plane “step” is both less
probable and more wasteful in time, by one order of
magnitude! On the other hand, the gain in the
geometrical factor I';; is relatively small, only on the
order of 1 to 10 [30], the reason being that in the
naphthalene crystal lattice there are fwo out-of-plane
nearest neighbors of any given kind [say %c or %(cta)],
compared to the four in-plane ones [i-;- atb)]. (Even
if some out-of-plane interactions were nearly as large
as the in-plane ones, the percolation concentration
would only be reduced by about 1% (absolute) or less,
based on a two-layer percolation calculation {6].) If a
single translational neighbor interaction were to domi-
nate {ie.,a “bond” alonga, b, ¢, (a +¢), etc., crystal-
lographic direction], and not the nearest neighbor,
interchange equivalent interaction [3(a + b)], then the
interaction topology would be one-dimensional, with
no percolation phenomenon possible below Cg a].
This is obviously not the case. Moreover, even for a

C, = 1 condition, independent energy transfer experi-
ments for the first triplet exciton transfer, involving
mostly exchange and not superexchange interactions,



R. Kopelman et al.[Long range exciton percolation and superexchange

indicate that the transfer is effectively two- to three-
dimensional [26].

At temperatures much higher than 2 K, eq. (1) is
no longer valid. Guest—host thermalization occurs at
those higher temperatures, a process competing (or
rather cooperating) with the exciton superexchange
transfer. As the host band is now utilized directly for
the energy transfer, our simple percolation model
above breaks down. However, it breaks down with a
definite qualitative result: The “effective” exciton
percolation (including thermalization to the host band
followed by direct transfer) is more efficient. At inter- .
mediate temperatures one expects a lower effective
percolation concentration (compared to low tempera-
tures), while at even higher temperatures there should
be little concentration dependence, with all of the
emission coming from the supertrap. A quantitative
discussion, together with some pertinent experimental
results, is reserved for a later paper. We would just
point out here that system V (tables 2 and 3) is
already in the “intermediate” temperature range even
at 2K, and these limiting cases will be discussed,
further, along with the above-mentioned higher tem-
peratuse data. However, we note that the very low
experimental effective percolation concentration
(~0.001) is qualitatively consistent with that expected
for “intermediate temperatures”.

Finally, we would like to point out that our “low
temperature” range of exciton percolation is bound
on the high temperature side by eq. (1), and at the
other extreme by

KTZ8. 23)
Combining, we see:
Ey - E,>kTZB. (29)

AsBis [7] about 1.25 cm™=1 and our lowest tempera-
ture is about 1.6 K, the conditional eq. (19) causes no
problems. The reason for this limitation (eq. 19) is the
requirement that guest pairs and/or clusters do not
become supertraps for the guest (monomer) excitons.
Thus, experiments much closer to 0 K would give results
very different from ours. In fact, for the naphthaltene
singlet excitons, such cluster supertrapping effects are
expected at 1.8 K (6~ 15 cm~1) [2], and have indeed
been observed {9,26,28,29]. Essentially there one has
an exciton cascade from guest monomers to dimers,
trimers, etc., increasing with guest concentration
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almost until the static (effectively nearest neighbor)
percolation concentration is reached, i.e., the limit
where most discrete cluster energy levels merge into a
quasicontinuous guest energy band [5]. Thus, the
above cascade behaviour, coupled with dynamic exci-
ton percolation (registered at the impurity supertrap)
at about C; ~ 0.5, is our predicted behaviour for the
regime where :

B>KT. (25)

Because of the long triplet lifetime, i.e., to avoid sig-
nificant dimer to monomer thermalization over a
period of about 1 sec, the regime of eq. (25) is expected
to hold only for temperatures about 0.1 K or lower
(the “very low temperature limit”).

Further, refined experiments are under way involv-
ing triplet lifetimes, delayed fluorescence and spatial
measurements. Also planned is a computer simulation
of the triplet exciton superexchange transfer, improv-
ing on some of our mathematical and physical approxi-
mations in the analytical derivations of the total
transfer time. A discussion of supertrapping selectivity
and its relation to weighted phonon densities [9] is also
reserved for a separate paper, as is also the report on
thermalization experiments and cooperative thermali-
zation energy transfer.

9. Conclusions

(1) The specially developed mathematical model of
“long range™ percolation is found to be applicable to
the naphthalenz lowest triplet exciton in isotopic
mixed crystals.

(2) The simple physical mode! of exciton super-
exchange (virtual band) is applicable to the trap—trap
triplet exciton energy transfer in isotopic mixed
naphthalene crystals at low temperature (2 K). These
“energy conduction bands™ narrow down to 10 hertz.

(3) The exciton transfer topology of 3B, naphtha-
lene is dominated by the a b plane, involving mainly
the nearest neighbor (interchange equivalent) mole-
cules. The exciton superexchange interactions are thus
mostly two-dimensional and so is the exciton percola-
tion. The interactions extend =30 &, encompassing
2100 sites.

(4) The “switching” of exciton triplet transfer in
binary (isotopic mixed) naphthalene crystals at low
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temperaturz (2 K) is determined, in a predictable way,
by the concentration and energy denominator of the
guest—host system, as well as the supertrap concentra-
tion. An impurity exciton “conduction” band may -
still be practically “open” at a 10 hertz bandwidth,

but will be practically “closed” at 2 width of | hertz.

Note added in proof

The precision of the nearest neighbor interaction
that we used (f) has just been significantly improved
(to 1.25 £0.05 cm~1) by B.J. Botter, C.J. Nonhof,

J. Schmidt and J.H. Van der Waals [Chem. Phys. Lett.
43 (1976) 210]. This shows, by comparison with the
Davydov splitting of the neat crystal {7], that the
next-nearest interchange-equivalent pairwise interac-
tion is at least one order of magnitude smaller,
whether it is an in-plane one or an out-of-plane one
Ti.e., 3(a+b)+c]. This is completely consistent with
our model. However; it does not relate directly to the
magnitude of the translationally—equivalent interac-
tions.

We would also point out that the recently published
paper by L. Altwegg, M. Chabr and 1. Zschokke-
Granacher [Phys. Rev. B14 (1976) 1963] claims that
the out-of-plane interactions in naphthalene are several
orders of magnitude smaller than the in-plane ones.
This is completely consistent with our findings.
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