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Triplet exciton annihilation in naphthalene has been investigated as a function of triplet exciton density.
With increasing triplet density, a change of the magnetic field dependence of the delayed fluorescence as well
as of the phosphorescence is observed, which is not expected on grounds of current theoretical models for
triplet exciton annihilation. These density effects are studied in detail by varying the triplet exciton density
by a factor of 10°. Analogous effects have been observed also in p-terphenyl. To explain the experimental
findings a theoretical model which includes electron-hole pair production by triplet annihilation is presented.

I. INTRODUCTION

In an earlier paper on triplet exciton annihila-
tion in naphthalene crystals! we outlined that for
naphthalene, unlike for anthracene, the magnetic
effects on delayed fluorescence cannot be satis-
factorily explained with the existing theories.?®
First, with regard to the general behavior of the
anisotropy of the delayed fluorescence in a magne-
tic field, there is a difference between anthracene

and naphthalene for certain crystallographic planes.

Second, and more striking, is the observation
that the magnetic effects depend on the density of
mobile triplet excitons to a much greater extent
than predicted by current theories.?*® For exam-
ple, at high magnetic fields the relative change of
the delayed fluorescence in the off-resonance di-
rection is displaced from negative values towards
even positive values with increasing triplet den-
sity. This means that at high exciton densities
the delayed fluorescence intensity is larger when

a high magnetic field is applied than without a field.

In the work presented here the triplet-density
dependence of the magnetic effects in the delayed
fluorescence is studied in detail in naphthalene
by varying the triplet exciton density by a factor
of about 10° "It will be shown that the value of the
observed displacement in the high-field delayed
fluorescence ratio with increasing triplet density
does not depend on the direction of the magnetic
field and that it reaches a limiting value at high
exciton densities. Moreover, we have also in-
vestigated the exciton density dependence of the
phosphorescence with and without magnetic field
applied. By this means, the relative change of
the triplet concentration and of the annihilation
rate constant can be studied separately. The ex-
perimental results for naphthalene are compared
with current theories on triplet exciton annihila-
tion.2"*

In the stationary case the density n of triplet ex~
citons is given by

al=Bn+y,n?. (1.1)

a, I, and 8 denote the absorption coefficient, the
intensity of the exciting light, and the monomole-
cular decay rate, respectively. Provided the an-
nihilation of two triplets results either in a singlet
or triplet exciton or in a ground state, the bimo-
lecular rate constant Y 1S glven by

Yetr =3yr+(1 -38)vs+Y, (1.2)

where y s,y',y,, are the rate constants leading to a
singlet exciton, a vibrationally excited ground
state, and a triplet exciton, respectively. £ is the
quantum yield of the intersystem crossing. The
only magnetic-field-dependent rate constants are
ys and v'. The field dépendence of these rates is
described by the theory of Johnson and Merrifield,?
in a more general form by Suna®, and reviewed in
the article by Swenberg and Geacintov.? This
theory, which treats the exciton annihilation in
quite general form, has so far been verified in
detail only for anthracene at low exciton densities.
The delayed fluorescence intensity ¢ finally is
given by

¢ =3Gnysn®, (1.3)

where G is the quantum yield of the measuring
system and 7 the yield for radiative singlet decay.
As for the density of triplet exeitons, it will be
characterized in the following by the ratio of bi-
molecular and monomolecular decay rates

o =, n/B. Atlow densities o« 1 andn=al/8. In
the high-density limit ¢ > 1 and 72 =0‘I/7’eff’ which
implies that the triplet density becomes magnetic-
field dependent. In naphthalene with a relatively
small decay rate S~ 7 sec™?, high relative den-
sities can easily be achieved, e.g., o0~ 100 cor-
responds to approximately n=~2x10' c¢cm™3,

In order to examine the magnetic field effects,
the delayed fluorescence is usually measured with
a magnetic field applied to the crystal [¢(B)] and
without [¢(0)]. According to Eq. (3.11) in Ref. 1,
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the delayed fluorescence ratio is given by

¢(B) _ A +47(B)o(0)[1 +5(0) 12~ 1 2
6@ & ( 27(B)o(0) )’ (1.4)

with p(B) =%5(B)/5(0),7 (B) =7, (B) /7, (0).

At medium and high densities where o> 1, the
low-density ratio p(B) is multiplied by the density-
dependent expression in the large parentheses.

It is readily seen that the two limiting values of
the delayed fluorescence ratio are

¢(B)/¢(0) =p (1.5)
in the low-density limit for g« 1, and
$(B)/¢(0) =p /r (1.6)

in the high-density limit for ¢>> 1. Under the as-
sumption* that y'« ys, and by putting y, =cy(0)

(c =3 for anthracene), the high-density factor be-
comes

3 c75(0) + % (B)(1 - 3¢£)
%C'}’s(o) +'}’s(0)(1 -3¢) °

In Ref. 1 it is shown that, proceeding from the
theory,?+® at high magnetic field ¢(B)/¢(0)< 1 al-
ways; in other words, p<1 as well as p/r<1.

In order to explain the observed exciton-den-
sity effects in naphthalene, we have expanded
this theory by suggesting an additional magnetic-
field-dependent process. :

v = 1.7)

II. EXPERIMENTAL SETUP

The method of sample preparation, the apparatus,
and the measuring procedure, were basically the
same as described in Ref. 1. With the following
improvements an extension of the accessible range
of triplet exciton density to nearly five decades
was possible.

At low densities the 476-nm line of a 0.5-W Ar
laser was used for triplet excitation. The intensity
of the laser beam was especially stabilized in or-
der to minimize the drift during the long data-
accumulation times needed. By cooling the photo-
multiplier the dark current was lowered by more
than a factor of 200. To get good statistics and
to minimize drift effects, photon-counting tech-
niques were used exclusively.

To reach high triplet densities the crystal was
excited with the 472-nm line of a 3-W Ar laser.

In naphthalene the absorption coefficient at this
wavelength is considerably higher than at 476 nm.
In addition, the polarization which is absorbed
most strongly was selected with the aid of a polar-
ization rotator. The laser beam was focused onto

the crystal by a lens and, being reflected by a m'ir—'

ror behind the crystal, traversed the sample
twice. The intensity of the exciting light could be

varied with various neutral-density filters.

As for the delayed fluorescence, we have also
measured the magnetic field dependence of the
phosphorescence of naphthalene. Since the wave-
lengths of the phosphorescence and the triplet ex-
citation are very close to each other, the exciting
light was interrupted by a mechanical chopper
during the measurement of phosphoresecence. The
speed of the chopper chosen was low enough so
that steady-state triplet population was reached
during excitation periods. During the period in
which the phosphorescence was measured the ex-
citon density did not decay by more than 0.6%. A
filter-selector disk was allowed to measure phos-
phorescence immediately after a delayed fluores-
cence measurement and vice versa. To avoid
overload of the photomultiplier during excitation,
low-pass or interference filters were placed in
front of the photomultiplier. The intensity of the
incident scattered laser light was kept as low as
possible by observing the phosphorescence (as
well as delayed fluorescence) emitted perpendi-
cularly to the direction of the laser beam.

III. EXPERIMENTAL RESULTS

Figure 1 shows the anisotropy of the delayed
fluorescence intensity of pure naphthalene in the
crystallographic a~-c plane at a magnetic field of
8 kOe. The ratio of the delayed fluorescence in-
tensity measured with and without magnetic field,
¢(B)/¢(0), is plotted versus the angle 9 between
the field direction and the crystallographic ¢’ axis.
Rectangles and crosses represent, respectively,
the low and high triplet-exciton-density limits.
The meaning of these limits will be made clear
later. Qualitatively the two curves look very sim-
ilar, with the resonances at exactly the same po-
sitions and having approximately the same width
and depth. However, the high-density curve is
displaced considerably (by about 20%) towards
higher values. Such a shift, which is not seen in
anthracene, is not to be expected on the grounds
of Suna’s theory and the commonly used kinetic
scheme.'”® Yet we have also observed this shift
in p-terphenyl crystals.

In an earlier paper' we have shown that, apart
from this shift, the shape of the a-c plane aniso-
tropy curve of naphthalene, measured, e.g., at
medium density, can be explained fairly well with
Suna’s theory. However, a few problems arise if
a complete fit is performed, as will be shown in
a subsequent paper.

The delayed fluorescence intensity ratio ¢(B)/¢(0)
as a function of the magnetic field strength B is
presented in Fig. 2 for B parallel to the crystal-
lographic ¢’ axis (9 =0) pointing in an off-reson-
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FIG. 1. Ratio of the
delayed fluorescence in-
tensities for pure naph-
thalene with and without
magnetic field, ¢ (By¢(0),
vs the angle 9 between
the crystallographic ¢’
axis and the magnetic
field direction. The
field of 8 kOe was ro-
tated in the a-c plane.
Rectangles: low-triplet-
density limity crosses;
high-triplet-density limit,

FIG. 2. Ratio of the
delayed fluorescence in-
tensities with and without
magnetic field ¢(B)/9(0)
of pure naphthalene as a
function of the magnetic
field strength [H|. H
parallel to the crystallo-
graphic ¢’ axis. Rectan-
gles: low triplet density
limit; crosses: high tri-
plet density limit.
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FIG; 3. Ratio of the delayed fluorescence intensities ¢(B)/9(0) in a field of 8 kOe together with the corresponding ratio
of triplet exciton densities #2(B)/72(0) of pure naphthalene as a function of relative triplet exciton density 0. Dots; de-
layed fluorescence measurements; crosses: 7%(B)/ 72(0) from phosphorescence measurements; dashed curve; theory
according Eq. (1. 7); solid curve; calculated with the aid of the theory presented in this paper. (a) Off-resonance di-
rection (H parallel to crystallographic ¢’ axis). (b) On-resonance direction (H in the a-c plane 9 =22°),
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ance direction. At low fields the curve measured
at high densities lies slightly below that for low
triplet densities. At 1.5 kOe the two curves cross
and from there on the difference between high and
low density increases monotonically with the field
up to a value of about 20% at 8 kOe.

We have also examined the dependence of the
delayed fluorescence ratio on triplet exciton den-
sity. In Figs. 3(a) and 3(b) the results are shown
for the magnetic field B along an off-resonance
and an on-resonance direction in the crystallographic
a-c plane. ¢(B)/¢(0) is plotted versus o =v,,(0)z(0)
/B, which is directly proportional to the triplet
concentration #(0) at zero magnetic field.

The reduced exciton density o was evaluated
from the delayed fluorescence at zero magnetic
field ¢(0). As long as Egs. (1.1) and (1.3) hold,

o =c[$(0)]*/2 where ¢ is a constant. ¢ has been de-
termined separately to an accuracy of £ 20% by
measuring the reduced triplet lifetime in a tran-
sient measurement. The highest value of ¢ we
could reach was 100. With 3, =3.5X10"'2 cm®sec™*
from Ref. 6 this corresponds to a triplet density

of n(0) =2x10* em~3,

The existence of the high- and low-density limits,
whichwe refer toin Figs.1and2, isclearly seenin
Figs. 3(a) and 3(b): below o =0.01 and above 0 =30the
ratio ¢(B)/$(0) doesnot dependono. InFig. 3(a)itis
also seenthat inthe off-resonance direction the value
of ¢(B)/¢(0) changes from smaller than 1 to
greater than 1 at high densities:. The density de-
pendence as predicted by theory [Eqs. (1.4) and
(1.7) with ¢ =3 and £ =0.82 from Ref. 7] is repre-
sented by the dashed curves in Figs. 3(a) and 3(b).

If the fluorescing singlet state is populated by
triplet annihilation the delayed fluorescence inten-
sity is quadratic on the triplet concentration n:

¢oc‘ysn2. (3.1)

ys denotes the bimolecular rate constant for de-
layed fluorescence. The ratio of the delayed fluo-
rescence intensity with and without a magnetic
field is then given by

#B) _¥s(B) n*B)
¢(0)  ¥%(0) #*(0) *

(3.2)

For low densities n(B) =#(0). At high densities,
when the bimolecular decay predominates,

n?(0)
n*(B) |ng

_ Yeit(B) _
% (0)

7(B), (3.3)

where v, is the effective bimolecular decay rate.
Thus we get the following expressions for the low-
density (1d) and high-density (hd) limits, respec-
tively:

@B _v®B

$0) liy %O |y’ (3.4)
&B) | _1 %(B)

4’(0) hd ¥ ‘)/:(0) hd ° (3.5)

At intermediate densities the ratio ¢(B)/$(0) fol-
lows the density dependence given by Eq. (1.4).

By writing ¢(B)/¢(0) in the form of Eq. (3.2),
the important question is whether the ratio
s (B)/vs(0) =p(B) changes with the triplet exciton
density n. In order to separate the density depen-
dences of p(B) and #n3(B)/n%(0), we have simultan-
eously measured the density dependence of the de-
layed fluorescence ratio ¢(B)/¢(0) as well as of
the phosphorescence intensity ratio ¢ph(B)/¢>ph(O).
Since bon is directly proportional to the triplet
density n, we have

Dpn(B)/ ¢, (0) =n(B) /n(0) . (3.6)
p can therefore be expressed as

_¥s(B) _ o(B) ($n(0) \?
P20 T6(0) (¢ph(B)> : 3.7)

We have determined p for several densities be-
tween o=~ 30 and g~ 0.02. At all densities the value
of p was the same within £2%. p =0.86 in the off-
resonance direction B||€; p=0.67 in the on-re-
sonance direction 9 =22°, B in the a-c plane.
These values of p agree also with the low-density-
limit values of the delayed fluorescence ratio
#(B)/¢(0), as measured, e.g., in Fig. 3. The
agreement is quite good for the off-resonance di-
rection. Crystal imperfections and inhomogenei-
ties of the magnetic field might be the reason for
the small discrepancy in the on-resonance direc-
tion.

Thus the most important conclusion from the
phosphorescence measurements is that p(B) does
not depend on triplet density. Consequently it is
exclusively the unique density dependence of the
ratio n(B)/n(0) which is responsible for the density
effects observed in the delayed fluorescence of
naphthalene crystals. As only this ratio depends
on o we now may as well plot [#(B)/2(0)]? instead
of ¢(B)/¢(0) in Figs. 3(a) and 3(b). The squares
of the ratios of #(B)/n(0) from the phosphorescence
measurements are also plotted in Figs. 3(a) and
3(b). To decide whether or not p depends on den-
sity, o does not have to be measured to high ac-
curacy. Still in Figs. 3(a) and 3(b) the correspon-
dence between #(B)/z(0) from phosphorescence
and from delayed fluorescence measurements is
satisfactory.

As p is independent of #, according to Egs. (3.4)
and (3.5) ¥ can be expressed as
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, -9(B) ¢(B)
¢O) |y /7 ¢ |y

The anisotropy of 7 in the a-c plane is thus ob-
tained, by dividing the two curves in Fig. 1. In
the same way, the field-strength dependence of

7 for B || & is evaluated from the two curves in
Fig. 2. The result is shown in Figs. 4 and 5, res-
pectively.

It is generally assumed that the annihilation of
two triplets leads either to a singlet or to a triplet
exciton, From this assumption it follows! that at
high fields p must always be smaller thanr. From
a comparison of the low-~density curve of Fig. 1
(representing the anisotropy of p) with the curve
of Fig. 4, it is readily seen that this is violated in
naphthalene. Likewise, by comparing the low-den-
sity curve in Fig. 2 (representing the field-strength
dependence of p) with the curve of Fig. 5, it is
seen that 7 is smaller than p at high fields. Fur-
thermore, at around 2 kOe the value of 7 is smal-
ler than 1 whereas p is greater than 1. This again
is in contrast with the current theoretical picture
on triplet annihilation.!

IV. THEORY -

In the following, we summarize our experimen-
tal results for naphthalene:

(i) At fields > 1.5 kOe, as the density of triplet
excitons increases, ¢(B)/¢(0) shifts to higher
values becoming even greater than 1 in off-reson-
ance directions. This shift increases with field
strength and saturates at about 10 kQe.

(ii) At low fields ¢(B)/¢(0) is almost independent
of triplet density, decreasing only slightly as the
density increases.

(iii) The anisotropy at high fields, namely, the
ratio [¢(B)/¢(0)] , ../ [¢B)/¢(0)],, ., , decreases
slightly with increasing density.

(iv) No directional resonances other than those
of the rate constant yg (B) are observed at high den-
sities.

(v) The density dependence of ¢(B)/$(0) is en-
tirely contained in n(B)/n(0).

(vi) An analogous shift of the delayed fluores-
cence ratio with triplet density has also been ob-
served in p~-terphenyl crystals but not in anthra-
cene. :

On the grounds of these results we conclude
that an additional magnetic-field-dependent pro-
cess must be influencing the triplet exciton den-
sity n, and this is the subject of this section. The
additional process influencing the triplet density
should have the following properties: (a) It should
be more field dependent than g (B) at high fields,
(b) it should be approximately field independent at
low fields (B< 1.5 kOe), and (c) it should either

have no anisotropies or have resonances at the
same field orientations as y3(B). Guided by these
properties and by the important fact that the en-
ergy of the two annihilating triplet excitons in
naphthalene (5.2 eV) is high enough to make the
production of charges energetically possible, un-,
like the case in anthracene, we propose the fol-
lowing model: in naphthalene the annihilation of
triplet excitons leads not only to triplet and singlet
excitons, but produces also electron-hole pairs.
These can dissociate into carriers or recombine
to yield triplet and singlet excitons or ground-
state molecules. I their lifetime is long enough
for significant spin motion to occur in a magnetic
field, due to differences in the g factors of elec-
tron and hole, the amount of triplets and singlets
so formed will be magnetic field dependent. The
process involving the charge pairs is sketched as
follows:

K, %N\ K,

(e,h); T
K IH(B) ‘
s (e,h) :.s

K, and K¢ are, respectively, the rate constants
for the formation of triplet and singlet charge
pairs, k, and kg are the rate constants for re-
combination of the triplet and singlet charge pairs
respectively, and %&_, is the rate constant for dis-
sociation of the pair.

H(B) is the Hamiltonian which mixes triplet
and singlet charge pair states, given by

H(§)=Hsﬁ(ge-§e +gh—§h)’ (4.1)

with g, and g, being the g factors for the electron
and the hole, _§e and _§h the spin operators for el-
ectron and hole, and gz the Bohr magneton, res-
pectively. In Eq. (4.1) hyperfine interaction can
certainly be ruled out. This will be discussed in
Sec. VL

The steady-state equation of motion for the den-
sity matrix p of the charge pair spin states then
has the form

KyPp +KsPg = (i/B)H(B),p] +k_,p +3ks(Psp +pPs)
+3kp (Ppp +pPp) (4.2)

b

where the two terms on the left-hand side are the
source terms for the triplet and singlet charge
pairs, respectively, and the last three terms on
the right-hand side represent the decay of the
pair states, respectively, by dissociation and re-
combination into a singlet and into a triplet state.
Pg and P, are projection operators on the singlet
and triplet manifold, respectively.
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The quantities of interest are the rate of genera-
tion of triplet and singlet states by charge pair
recombination, which are given by

T(B) =ky Tr(Prp), (4.3)
S(B) =kg Tr(Psp). (4.4)

Equation (4.2) is easily solved for p by diagonali-
zing H(B), which mixes only triplet states with

mg =0 and singlet states. In this calculation we
have neglected exchange interactions between elec-
tron and hole (these are negligibly small if the
electron and the hole are not on neighboring mole-
cules). After calculating the matrix p we take the
trace of (P,p) and (Pgp) and obtain

kr _ vr 1 kr
—a2 R’ SN A i — g ——————
T(B) =n (B)[k,. +k, 3 12 kptkg+2k_,

x (v®) + ) s®)

vrg(B)
+gkp (ks +k_)) (A;uBB)z] ’ (4.5)
S(B) =n?(B) [2 Tﬁekﬁﬁk—_ (ys(B) + )g(B)
N s (B)g (B)
+ikg(kp +R_,) (Zgﬂ-a B)?‘] , (4.6)

where y% and y7. are the annihilation rates leading
to singlet and triplet charge pairs, respectively,
n is the triplet concentration, and g(B) is given by

(AgusB)?
(AgugB)? +(k_, +ks)(k_, +kT) ’

g(B)= (4‘.7)

with Ag =|g, =g, |-
We now add these processes, namely, the addi-

tional channels for triplet annihilation leading to

charge pairs and the production of triplets result-

1 kra
f(B)(l t0 = Tr vhs +0k- lg(B)>

ing from the recombination of these pairs, to the
steady-state equation for n, Eq. (1.1). Because
they are quadratic on n, by adding them we actu-
ally modify the bimolecular decay rate v, in
Eq. (1.1): al=pn +v,, (Bn® by writing

Yoi (B) =v(B) +v5(B) +yy = T(B) /n? (4.8)

and

y(B) =3[(1 +n)vs(B) +%], (4.9)

where 7 is the quantum efficiency of fluorescence
(the only nonradiative decay term of singlet exci~
tons we consider is intersystem crossing with
quantum efficiency & =1 -7). The annihilation rate
constant ¢’ leading to a vibrationally excited ground
state has been neglected in Eq. (4.9).

The formation of charge pairs with subsequent
annihilation into singlet states would also affect
the field dependence of the delayed fluorescence
if these singlets contribute to fluorescence. The
expression for ¢(B)/¢(0) is then modified to

¢(B) =[%nys(3) +n'S(B)/n2(B)] n?*(B)
?(0) Linvs(0) +1’ S(0)/n* (0) § n*(0)

_ n%(B)
=f(B)—5~ 72(0) ° (4.10)

where 7’ is the quantum efficiency of fluorescence
of the singlet states formed by recombination.

The two limiting values of ¢(B)/¢(0) are now
given by

[¢(B)/¢(0)],y =f(B) (4.11)

in the low-density limit g« 1,
[¢(B)/$(0)],q =f (B) /7 (B) (4.12)

in the high-density limit ¢>> 1, where

kr

b
3 kr +ks +2k-1 £(8)

¥ (B) = Yeff Eg)) kT
eff ’ =
1+q +b +2b (1—2 Tor b
14
-?—kr(k-l'*ks) B )2+b +2b'<1 1 k’ )
3 (AguB) 3k
* 1 7r , (4.13)
’ ——
1+a+b+2b <1 2 7r +k_1)
with
2 y(0) 1 yr oL _vr ys(B) _%(B)
= b= B). 4.14
T1Hm %0 1+n %(0)°’ 1+n %(0)’ 50 ws(O) =»(B) (4.14)

The above equations should be substituted for Egs. (1.5)—(1.7) in Sec. L
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V. COMPARISON OF THEORY WITH EXPERIMENTAL
RESULTS

To check the field and density dependence de-
rived in Sec. IV, we consider the following: (i) the
field-strength dependence and the anisotropy of
7(B) in Figs. 4 and 5, and (ii) the density depen-
dence of the delayed fluorescence ratio in Fig. 3.

Now we make the assumption that the population
of the fluorescing singlet state is not directly af-
fected by the production and recombination of
charge pairs. We assume that the recombination
of singlet charge pairs, if not negligible, leads
to a nonfluorescing state, e.g., a vibronically
excited ground state. In this case n'S/n%<«< 31y
and expression (4.10) for the delayed fluorescence
is simplified to

¢(B)/$(0) =p(B)n?(B)/n*(0) . (5.1)

This assumption is suggested by two facts: First,
at low densities the field dependence of the delayed
fluorescence (Figs. 1 and 2) is in good qualitative
agreement with Suna’s theory.!*®* Second, some
preliminary calculations have shown that in order
to obtain the observed on- and off-resonance values
for 7(B) in the high field limit, n’ in Eq. (4.10) has
to be very small.

Before we present the results of quantitative cal-
culations, we will discuss the significance of b’
in Eq. (4.14) on the field dependence of »(B). The
formation of charge pairs in the triplet state (b’
#0) only decreases the field dependence of T(B)
and consequently of »(B). This decrease becomes
less important the smaller the values of the rate
constants k_, and kg are. It reaches a minimum
when %_; and kg are negligible compared to 2, in
which case the formation of triplet charge pairs
and their subsequent recombination would only add
a constant term to v . This can be clearly seen
by neglecting kg and k2_, compared to 2, in Eg.
(4.13). One then obtains

y<2B)l1 ta -Lag(B)] +b +b’

(B 1+a +b +b’ ’ (5.2)
with ‘
gB) = (AguB)” (5.3)

(AgliaB)z +(k—1 +ks)kT ’

As afirst trial we have considered the situation
which gives the strongest field dependence to 7 (B);
namely, we have fitted Eq. (4.13) with 3’ =0 to the
experimental field-strength dependence for the
off-resonance direction. We have taken Ag =107%58+°
1=0.18,7 and v, /v5(0) =3 as known quantities. For
p(B) we have used the experimental curve for
¢(B)/$(0) in the low-density limit. The other con-
stants, a, k5, kg, and k_, were taken as adjust-

able parameters. It turns out from this fitting that
kg and k_, «< k. Obviously, this holds also for
b'+0. Therefore, when considering the more gen-
eral case of charge pairs being formed in both
spin states; the simplified version of Eq. (4.13),
Eq. (5.2), can be used. We have then calculated
the field-strength dependence of 7 (B) given by
Eq. (5.2) for the field in an off-resonance direc-
tion, taking the constants a,b +b’, and ky(k_, +kg)
as adjustable parameters. The result is shown
along with the experimental data in Fig. 5. The
agreement is good. The noise in the calculated
curve appears because we are using for p(B) the
experimental curve for ¢(B)/¢(0) in the low-den-
sity limit.

The parameter values which result from these
curve fittings are

kplk_, +kg) =(1.3+ 1.3)X 102 sec~2,
¥5(0)/ys(0) =2.4+ 1.4, (5.4)

(7T+ 7%‘)/73(0)= 11+7.

The values obtained for v4(0)/ys(0) and (3 +v4)/v5(0)
seen to be reasonable. Only the walue of the total
annihilation rate into the triplet channel (3, +v})
can be determined by the fit.

The values obtained for the lifetime of the charge-
pair states are longer than expected. For example,
if we take kg/k, =k_,/ky =0.1 we get 1/ky =107
sec and the lifetime of the singlet charge pairs
would be 10 times longer than this. However, the
values of these rate constants are quite sensitive
to the value of Ag, which is not known in naphtha-
lene crystals. The value of 107* for Ag we have
used is the one of anthracene ions in solution.®®
We have obtained a fit as good as the one shown
in Fig. 5 using Ag =107%, The values of the para-
meters are about the same as before except for
the parameter k,(k_, +kg) which gets 100 times
greater; thus the charge-pair lifetime is consid-
erably reduced.

Using the set of the parameters of Eq. (5.4), we
have calculated the anisotropy curve for 7 (B) and
the density dependence of ¢(B)/¢(0) for H =8 kOe.
The results are shown along with the experimental
curves in Figs. 4 and 3. The agreement is quite
satisfactory.

VI. CONCLUSIONS

We have presented more experimental results
and a theoretical explanation for the density ef-
fects on the delayed fluorescence of napthalene
crystals. By measuring both the delayed fluores-
cence and phosphorescence, it has been concluded
that the unexpected density effects are due to an
anomalous field dependence of the triplet exciton



18 TRIPLET EXCITON ANNIHILATION IN NAPHTHALENE AT... 4453

concentration. To explain these observations we
have extended the commonly used kinetic schemes
to include additional annihilation channels leading
to charge pair states. The idea of formation of
pairs by annihilation is very attractive because it
would explain why this effect is observed in naph-
thalene and p-terphenyl crystals, where the crea-
tion of pairs by annihilation is energetically possi-
ble, and not in anthracene crystals, where this
-condition is not satisfied. '

The Ag interaction that we have assumed to be
responsible for the singlet-triplet mixing has been
used in the past!®!! to explain field-dependent in-
tersystem crossing between triplet and singlet
spin states. Although the lifetimes we obtain for
the charge pair states are longer than expected
(because of the small value of Ag), this was the
only interaction which could give the observed
field dependence.

We were unable to explain the experimental data
by considering other interactions which would
also affect the field dependence of the triplet con-
centration, as, for example:

(i) Triplet-doublet interaction. Tripletexcitons
could be quenched by trapped electrons and holes
formed by triplet annihilation. Since the triplet-
doublet interaction constant decreases withfield this
quenching processwould, infact, increase the trip-
let concentration ratio #(B)/%(0) athigh fields. How-
ever, while at high fields the triplet-doublet inter-
action has resonances at the same field orientations
as the triplet-tripletfusion constant yg, atlow fields
it has resonances at different orientations. Since
the delayed fluorescence at high densities does
not exhibit any low-field resonances other than
the ones of vy this process can be ruled out. Fur-
thermore it does not have the right field scale
since it is more field dependent at low fields, sat-
urating at about 3 kOe.

(ii) In the case of hyperfine interaction the sing-
let-triplet mixing of our charge pairs could be

due to differences in the electron and hole hyper-
fine interactions. This can, however, be ruled
out—{first, because this interaction is probably
averaged out by the motion of the electron and hole
and second, because it saturates at about 100 G

and therefore does not have the field scale ob-
served. In addition, no significant difference has
been observed between the measurements of Fig.

2 and analogous experiments in perdeuterated naph-
thalene.

(iii) We have also unsuccessfully considered the
possibility of annihilation in the quintet channel.
The quintet states formed could cross to triplet
states and therefore would affect the field depen-~
dence of ‘the triplet exciton concentration. '

(iv) We finally comment on three-particle inter-
actions. As pointed out in Ref. 1, this effect can
be neglected in systems in which the exciton dif-
fusion is quasi two dimensional, as long as

Yeff n<«< Beff H (6.1)

where B is approximately given by the out-of-
plane hopping rate of triplet excitons. At our
highest density, although y,, n>> g, condition (6.1)
is most probably still satisfied. In fact, the ob-
servation that for all densities the delayed fluor-
escence is exactly quadratic on the triplet con-
centration indicates that in our experiments these
effects can indeed be neglected. Furthermore,
within an experimental accuracy of a tenth of a de-
gree we did not observe any shift in the delayed
fluorescence resonance positions with increasing
triplet density. Such a shift would be expected if
additional multiparticle interactions were present
at high exciton densities.
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