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a more flexible 100-term wave function. Fi-
nally, in the last six rows one can see the en-
ergies obtained by varying the internuclear
distance, R, around the equilibrium value.
The energy has also been computed for other
values of g.

The above results show clearly that the pre-
vious single-precision energy for the equilib-
rium internuclear distance was accurate up
to the eighth figure. They also strongly sug-

gest, especially in connection with the previ-
ous results, ' that a calculation with a still more
flexible wave function would not lower the en-
ergy by more than a small fraction of a recip-
rocal centimeter.

The diagonal corrections for nuclear motion2~~

computed previously with a 54-term wave func-
tion have now been recomputed in double pre-
cision and using a different algorithm. They
fully agree with the single-precision results,
and an extension of the expansion length to 66
terms (for R =1.4011 and R =2.2 a.u. ) decreased
the nuclear motion corrections by only 0.01
cm

Using for 1.0 &R ~ 3.2 the energies calculat-
ed in double precision, and for 8 &1.0 as well
as for R & 3.2 the previously calculated values,
and also the previously computed corrections
for nuclear motion, the vibrational equation
was solved and for the ground state the disso-
ciation energy D, =36118.1 cm ' was obtained.
The above value of D, can easily be corrected
for the relativistic and radiative effects. Us-
ing ~' &Drei =0.5 cm ' and' farad = -0.2 cm
one gets the final ground-state dissociation
energy Dp 36117 4 cm ', and hence the final
theoretical total energy of the molecule is 3.8

cm ' lower than the experimental value. The
discrepancy is one order of magnitude larger
than the experimental error and any improve-
ment of the adiabatic energy would increase
the discrepancy.

Since all known effects of non-negligible mag-
nitude have been included in the theoretical
calculation, and since we see no reason to doubt
the accuracy of the experimental value, the
explanation of the discrepancy remains to be
found.
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The recent publication of an experimental
study of singlet-singlet exciton annihilation
in crystalline anthracene' has been followed
by two communications'~' attempting to provide
a theoretical analysis of these experimental
data. This Letter presents a study of the me-
tastable exciton states resulting from singlet-
exciton collisions in molecular crystals. Any
coherent theoretical analysis of the collision
annihilation' ' of singlet excitons in crystal-
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line anthracene has to be consistent with the
following experimental facts.

(a) Kinetic data. —The rate constants for sin-
glet-singlet annihilation y~, and for the produc-
tion of charge carriers by exciton-exciton an-
nihilation y~, can be expressed in terms of the
exciton density n& and the charge carrier den-
sity ne:

y =n '(-dn /dt); y. =n '(dn /dt)
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The previously reported value' ys = (4+ 3) x10 '
cm' sec ' was recently confirmed" by measure-
ments of the fluorescence yield from crystal-
line anthracene [excited by the second harmon-
ic (A. =3470 A) of a. ruby laser]. On the other
hand, y; ~5&10 "cm' sec ', as inferred from
recent studies of laser-induced photoconductiv-
ity' &' and photoconductivity induced by weak-
ly absorbed light. '&" In this system the major
pathway for the intrinsic photogeneration of
charge carriers involves the photoionization
of singlet excitons. "&"

(b) Cross sections and quantum yields. —The
quantum yield for the intrinsic generation of
charge carriers by excitation from the valence
band (i.e., the ground state) to the conduction
band is 10 '."~" The cross section for the pho-
toionization of singlet excitons is 10 ' cm~. ' &'

{c) Line shapes in the optical spectrum. —The
absorption bands in the spectrum of a single
anthracene molecule in heptane solution in the
region of 5-6 eV have a linewidth of 6=0.5 eV."
The line broadening arises mainly from intra-
molecular radiationless transitions, "&' the
internal conversion rate being I/~ = 5 &&10"

sec '. The linewidths in crystalline anthracene
in the same spectral region are comparable
with those of the isolated molecule. " The spec-
trum reveals no evidence of. Fano-type antires-
onances' ~" in the intense b-polarized crystal
spectrum. "

(d) Singlet-exciton migration mechanism. —The
diffusion coefficient for singlet excitons in crys-
talline anthra, cene is D =5 x10 cm' sec
while the exciton group velocity determined
from the Davydov splitting is' {v)=3 x10' cm
sec '. The exciton linewidths at room temper-
ature exceed the Davydov splitting. These da-
ta are consistent with the strong-scattering
random-walk model for singlet-exciton migra-
tion 2,8, xo

It was recently pointed out that an understand. —

ing of the intrinsic photogeneration of charge
carriers" and of singlet-exciton collision pro-
cesses'~ requires the inclusion of metastable
states described by the interference of bound
states y~ with the conduction-band states {p~)."~"
In this scheme the metastable exciton state de-
cays by an elastic, energy-conserving, auto-
ionization process involving a two-electron
dynamical resonance overlapping the one-elec-
tron scattering continuum. ' ~2 However, the
interaction of a bound state in a, closed chan-
nel with a single open channel ordinarily leads
to a high ionization yield. In molecular crys-

tais of polyatomic molecules, a new feature
is introduced by the existence of intramolecu-
lar radiationle ss transitions. "&' The latter
processes can be adequately described in terms
of configuration interaction between the local-
ized state cd and the manifold of densely spaced
vibronic states (yzj. The wave function for the
metastable state can be then written" by a straight-
forward modification of Pano's theory'.

y=a(E)y +g b y. +. f.c,(p,dz'. {2)

The coupling matrix elements Wz = {yz !H I yg)
(or rather the interaction per unit energy, W~
= Wz'p, where p is the density of vibronic states)
determine the role of intramolecular radia-
tionless decay, while V~={y~IH I yg) deter-
mines the role of the autionization process. "
In view of small vibrationa, l-overla, p Franck-
Condon factors, " the coupling terms {y@IH I cpf)
are expected to be small. Therefore, the me-
tastable state in a molecular crystal should
be considered to be an effectively closed chan-
nel interacting with two open channels. In view
of the small cross section for photogeneration
of charge carriers and the linewidth data, it
is proposed that the radiationless transition
process dominates the autoionization process.

We proceed now to the analysis of the exper-
iment of Bergman, Levine, and Jortner. ' Choi'
and dharma' have demonstrated that the tran-
sition probability for a pair of singlets to the
conduction band and to the metastable state
(where only the autoionization channel was ex-
plicitly considered) is dominated by nearest-
neighbor interactions. Using the random-walk
model for singlet-exciton migration the follow-
ing kinetic scheme has to be considered:

k,
- (~E)

k

(~E)

k2

=e,

k,
= other products (photochemistry?)
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k,
E — = radiative and nonradiative monomolecular decay,

k8
e +e = electron-hole recombination.

Here E, (EE), and e correspond to the singlet exciton, to an exciton pair on adjacent molecules,
and to the charge carriers, respectively. Adopting the steady-state approximation for the densi-
ties of (EE) and of A, the following equations result:

dn ( k 1+k ' ( k +k i( k +k

dt 1 E k, k, k, 8e (4)

The rate of encounter of a singlet-exciton
pair is k, =8wD(R) or k, =4w(R)'(v); i.e., k, =(1-3)
x10 ' cm' sec '. ' The rate of separation of
the pair is estimated from the hopping rate
of singlet excj,tons k y 5 x10 sec The
monomolecular rate for the direct ionization
of an exciton pair k3 =10" sec ' was evaluat-
ed by Choi. ~'~ From the linewidths of the en-
ergy spectrum of the single molecule we esti-
mate k4+k, = 5 &10' sec '. The measurements
of the fluorescence yield of liquid benzene'
at 5-6 eV indicate that k, &k4. The rate constants
k, = 5 &10' sec ' and k, = 2 X10 ' cm' sec
have been determined experimentally. From
the laser -induced photoconductivity data"~"
we find that k, /(k~+k, ) ~10 4, so that k, =5x10'
sec '. Fano's theory' relates this rate con-
stant to the coupling matrix element VE by k6
=2IVEI'5 ', so that IVEI2=2X10 "erg Ob-.
viously, I VEI'«WE. Finally, k, can be ex-
pressed in the form

k, = (2w/8') Ia(E) I2
I (cp" IP I cp'cp') I'. (5)

(E-E )'+ m'W

Application of the dipole approximation leads
to k, =10" sec

Following Choi's' notation, I y'p') and I cp")

correspond to the (EE) and A zero-order crys-
tal states, respectively. Now, the amplitude
squared can be described by a Lorentzian curve:

IV I'+ W

(E-E )'+ m'[ IV I'+ W

From this analysis we conclude the follow-
ing: (a) Because k2»k» the transition to the
final state is fast on the time scale of the sing-
let-exciton migration, and therefore the rate
of singlet-exciton annihilation is determined
by the rate of exciton collisions. This result
contradicts the conclusions of Choi's work, '
where it was assumed that the annihilation re-
action of the pair is slow relative to k „and
that the rate is determined by the transition
rate k, to the final state. A similar situation
prevails in the case of triplet-triplet annihila-
tion." (b) The "dilution" of the localized state
is determined by the radiationless decay pro-
cess rather than by the autoionization decay
process. According to Choi's analysis' WE/

I VE I'= (k5+k4/k6) -1, in contradiction to the
photoconductivity data. "'" (c) The experimen-
tal rate constants are ys =kl and y;=kl[(k3/
k2)+k6/(k5+k4)], so that y -10 'ys. (d) The
rate constant determined by Bergman, Levine,
and Jortner' represents the collision rate of
a pair of singlet excitons, and is in good agree-
ment with the theoretical estimate' based on
the strong-scattering model. (e) The coupling
term I Vg I' in crystalline anthracene is con-
siderably smaller than the It/'E I' term for the
He atom (2s2P) configuration. This result is
consistent with the line-shape data and implies
a high value of the Pano q factor' in the mo-
lecular crystal. (f) The dominating role of the
intramolecular channel for the decay of the
metastable states in crystalline anthracene
is probably a general phenomenon which pre-
vails in all molecular crystals of organic mol-
ecule s.
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