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Using the recently discovered time-dependent spin-orbit-photon interaction operator and first order
perturbation theory, the rate of spontaneous emission from triplet excitations is derived within the
two-level approximation for organic molecular solids and conjugated polymers. The calculated rates
and corresponding radiative lifetimes agree very well with the known experimental results. Present
results are compared with those obtained through the traditional approach of the second order
perturbation theory in some molecular crystals and found to be in better agreement with
experiments. © 2008 American Institute of Physics. �DOI: 10.1063/1.2961010�

I. INTRODUCTION

Radiative emission from triplet excitations in organic
solids and conjugated polymers has attracted much research
interest recently1–3 because of their commercial applications
in flexible organic light emitting devices �LEDs�. The prob-
lem with a triplet excitation is that its electron and hole �e-h�
have parallel spins and hence their radiative recombination
�phosphorescence� through dipolar transitions is spin forbid-
den. This is in contrast to the singlet excitations with anti-
parallel spins of e-h pairs; their radiative recombination
�photoluminescence� is spin allowed through dipole transi-
tions. A triplet radiative transition can occur only through the
mediation of the spin-orbit interaction that can flip the spin
to facilitate the recombination. It is so called well established
that the spin-orbit interaction is proportional to the atomic
number and hence it is weak in organic hydrocarbons and
polymers. This results in inefficient radiative emission from
a triplet exciton in such materials. Accordingly, in LEDs, one
would like to have emissions only from singlet excitons.
However, the operation of LEDs brings electrons and holes
together from opposite electrodes and statistically should
generate singlet and triplet excitons in the ratio of 1:3.2 Thus,
where triplet emission is not possible, LEDs are limited to
only 25% efficiency at the most. It is therefore very impor-
tant to understand the mechanism of triplet exciton emission
very clearly in any material.

The well known spin-orbit interaction operator is a sta-
tionary interaction operator and hence it cannot cause any
optical transition,4 although it has been used to calculate the
radiative lifetime of triplet excitons in benzene.5 To the best
of the authors’ knowledge, no other interaction operator that

can be used to calculate the transition matrix element be-
tween a triplet excited and a singlet ground state through the
first order perturbation theory is known.

In the absence of a proper spin-orbit-photon transition
operator, a very long standing tradition has been set up to
calculate the transition matrix element between an excited
triplet and a singlet ground state in two steps.6–12 In the first
step, the stationary spin-orbit interaction operator is used to
calculate the energy splitting in a degenerate triplet state and
the wave function of the triplet state is expanded as a linear
combination of all singlet and triplet unperturbed wave func-
tions. In the second step, then the dipole transition operator
is used to calculate the transition matrix element between the
first order triplet state and singlet ground state wave func-
tions. In this way one gets fractional nonzero matrix element
contributed by the singlet components in the expansion of
triplet wave function. This approach has been used for
inorganic10 as well as organic solids and molecules.6,7,12 Ear-
lier attempts in some organic molecules and solids did not
give good agreements with the observed lifetimes.6,7 Some
recent works, however, have applied this approach on conju-
gated polymers8 and nonplanar aromatic heterocyclic
molecules.9 As the two-step process is equivalent to a second
order perturbation theory, one wonders why there exists no
spin-orbit-photon interaction operator for the triplet emission
like the dipole transition operator for singlet emission.

Using the recently discovered time-dependent spin-orbit-
photon interaction operator Singh4 has calculated the rate of
spontaneous emission from triplet excitons in noncrystalline
inorganic semiconductors. The radiative lifetime of triplet
excitons thus calculated for hydrogenated amorphous silicon
agrees very well with the experimental results. The theory
has also been extended to calculate the rates in amorphous
chalcogenide glasses13 and found to be in good agreement
with experiments.

In this paper, using the new interaction operator the rates
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of radiative recombination in a few molecular solids and
conjugated polymers are calculated. The radiative lifetime of
triplet excitations is also calculated and compared with the
experimental results. The results agree very well with the
recent experimental results in platinum containing molecular
complexes, conjugated polymers, and organic crystals. The
rate depends on the square of the atomic number of the con-
stituting atoms, which explains clearly the observed en-
hancement of emission due to the incorporation of heavy
atoms in polymers.1–3,14–18 A theory for the constant separa-
tion between the singlet and triplet excitons recently ob-
served in conjugated polymers3,14,18 has also been presented
here.

II. RATE OF SPONTANEOUS EMISSION FROM A
TRIPLET MOLECULAR EXCITATION

It is considered that a pair of e-h is excited in a triplet
spin configuration in a molecular semiconductor or conju-
gated polymer by an incident radiation of energy equal or
greater than the band gap energy. As the triplet excitation
state lies much below the conduction band, a two-level ap-
proximation is regarded to be valid for these materials. The
recently derived time-dependent perturbation operator4 for a
molecular excitation in a molecule can be written as

Ĥso = −
eg

2�x
2c2�−

e

c
�n s · �A � �Vn�� , �1�

where all symbols have their usual meanings as defined in
Ref. 4. The spin-orbit-photon interaction given in Eq. �1� is
such that in the presence of photons an electron gets attracted
to a nucleus and the attractive force is proportional to the
atomic number and inverse square of the distance between
the electron and nucleus. Following earlier work by
Hameka,6 for Zn�1, the interaction between the excited
electron and other valence electrons in an atom is considered
to be negligible. As terms within the summation sign depend
on the inverse square of the distance of the electron from a
nucleus, the nearest nucleus is expected to have the dominant
influence and the presence of other nuclei may then be ne-
glected. Within this approximation, Zn may be replaced by Z,
an average site independent atomic number. However, this
approximation is valid only for solids with atoms of not very
different atomic numbers. In the case of hydrocarbons, only
the atomic number of carbon is necessary to use. If a mol-
ecule contains heavier atoms, the atomic number of the
heaviest atom should be used in the calculation. It may be
noted that this approximation is not necessary for calculating
the rates numerically. It is only used here to derive an ap-
proximate simple analytical expression for the rate of spon-
taneous emission. The rate of spontaneous emission from a
triplet excitation thus derived within the two-level approxi-
mation is obtained as4

Rsp =
e6Z2�2��12

2�x
4c7�3�0�r�4

, k = �4	�0�−1 �2�

where ��12=E2−E1 is the emitted photon energy equal
to E2−E1. E2 is the energy of the triplet and E1 is
that of the ground state or valence band.

�r�−2=�n=1
N Cn

H*Cn
L�
Hn�ren

−2�
Ln	, where �r� is the average sepa-
ration between the excited e-h before their radiative recom-
bination, 
Hn and 
Ln are the atomic orbitals of the nth atom
and Cn

H and Cn
L are the corresponding probability amplitude

coefficients of highest occupied molecular orbital �HOMO�
and lowest unoccupied molecular orbital �LUMO� �triplet�,
respectively. However, for organic solids and polymers a
simpler approach is to use �r�=ax /�, where ax is the excitonic
Bohr radius of a triplet exciton given by ax= ��� /�x�a0.4,19

Substituting this in Eq. �1�, we get the rate as

Rsp =
e6Z2�2���12

2�x
4c7�0ax

4 . �3�

It may be noted that by substituting ax as given above in Rsp,
Eq. �3� becomes independent of �x. The radiative lifetime is
calculated from the inverse of the rate, �R=1 /Rsp.

III. EXCHANGE ENERGY BETWEEN SINGLET AND
TRIPLET

The energy separation between the singlet and triplet
exciton states in a solid depends on the magnitude of the
exchange interaction between the excited e-h.19,20 If the ratio
of the Coulomb �C� interaction to the exchange �E� interac-
tion between an excited pair of e-h is denoted by � �C /E
=��, then the exchange energy 
E between a singlet and a
triplet excitons is obtained as19,20


E = 
1 −
�� − 1�2

�2 �EM, EM =
�xe

4�2

2�2�2 . �4�

If one knows �, then 
E can be calculated and vice
versa. In many conjugated polymers, the measured value of

E�0.7 eV,2,3,14,16 and it is found to be nearly constant.
Using m

e
*=m

h
*=me �free electron mass� and �=3, one gets

EM =0.82 eV from Eq. �4� and then substituting 
E
=0.7 eV, we get �=1.619. Most polymers have a dielectric
constants of 3–4 �Refs. 21 and 22� and effective masses of
electrons and holes also are not expected to vary much from
one polymer to another. Therefore, EM and � are expected to
be the same for most polymers. As a result, one gets the
same 
E for most polymers. This is probably the simplest
way of explaining constant 
E observed in polymers.

IV. RESULTS

The rate in Eq. �3� is used to calculate the triplet radia-
tive rates in benzene, naphthalene, anthracene, conjugated
polymers containing platinum in the polymer chain, and
platinum porphyrin.18 For all polymers studied in Ref. 16, it
is assumed that m

e
*=m

h
*=me giving �x=0.5me and �=3, and

then the triplet excitonic Bohr radius becomes ax

= �me� /�x�a0=6a0. The rates are calculated for the first three
polymers P1, P2, and P3 from Ref. 16. We can calculate the
rates for all the polymers studied in Ref. 16 but as they are
all found to be of the same order of magnitude only the rates
for the first three polymers are listed here. The triplet emis-
sion energy used in the calculation, calculated rates, and cor-
responding radiative lifetimes are listed in Table I along with
their observed experimental rates and radiative lifetimes. For
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conjugated polymers incorporated with platinum atoms, P1,
P2, and P3, the rates are found to be of the order of 103 s−1,
which agree very well with the experimental results.16

The excitonic reduced mass and average separation be-
tween the e-h have already been calculated23 for some poly-
mers such as polythiophene �PT�. The values for PT are �x

=0.076me and �r�=1.01 nm. Using these and �=3, Z=6 �car-
bon�, and ��12=2.4 eV in Eq. �1�, we get Rsp=6.96 s−1 and
radiative lifetime �R=1 /Rsp=0.14 s �not listed in Table I�. If
we incorporate this with platinum and use Z=78, we get
Rsp=1.18�103 s−1 and �R=0.85 ms, which are also of the
same order of magnitude as obtained from Eq. �3� with �x

=0.5me and ax=6a0. This is because �x
4ax

4= �me�a0�4 �Eq.
�3�� ��x

4�r�4 �Eq. �1��, which produces nearly the same rates
from Eqs. �1� and �3�. Hence, the calculated rates for all the
five polymers studied in Ref. 23 are found to be of the same
order of magnitude.

V. DISCUSSIONS

The rate in Eq. �3� is used to calculate the rates of radia-
tive emission from triplet excitations in a few molecular sol-
ids and platinum incorporated conjugated polymers and
phosphorescent dyes. The calculated rates agree very well
with the observed rates in these materials �see Table I�. The
rate in Pt�OEP� dye is found to be 4.9�103 s−1, which is of
the same order of magnitude as in conjugated polymers con-
sidered above. Without the inclusion of Pt�OEP� dye in the
host organic material, the rate with mainly carbon atoms is
found to be about 46.0 s−1, which is at least two orders of
magnitude less. This enhancement in the recombination rate
due to the doping of the organic LED matrix by Pt�OEP�
agrees very well with the observed enhancement in electrolu-
minescent devices.17 The rate derived in Eq. �3� increases
with the triplet state energy, which also agrees with the ob-
served increase in several polymers.16

It may be argued that the traditional approach of calcu-
lating the radiative lifetime of triplet excitation, which goes
back to many decades, is still valid. So what is the advantage
of the present approach? To answer this question, we com-
pare the present results with those calculated from the tradi-
tional approach in naphthalene and anthracene. Using the

latter approach, the calculated radiative lifetimes for naph-
thalene and anthracene are found to be 10 and 55 s,
respectively,7 which are much longer than the experimental
values as well as those obtained from the present theory �see
Table I�. Thus, the results of the present theory are in better
agreement with experiments. However, the calculated radia-
tive lifetime in anthracene given in Table I may not be con-
sidered in good agreement with the experimental result. This
discrepancy can be attributed to the fact that experimentally
only the total triplet lifetime ��� has been measured, which is
not the same as the radiative lifetime ��R� calculated here.
The former depends also on the nonradiative decay rates of
triplet excitons �1 /�=Rsp+Rnon-rad�. In fact, this is true for
benzene, naphthalene, and Pt�OEP� as well.

One may find the present approach to be oversimplified
as it only considers the effect of the nearest atom and ne-
glects the influences of molecular structure, electron-electron
interaction, etc. As stated above, these approximations are
used here only to derive a simple analytical expression for
the rate of spontaneous emission �Eqs. �2� and �3��. If one
wants to compute these rates numerically then, of course,
these approximations are not necessary. However, the impor-
tant point is that even with these approximations the results
are found to be in better agreement with the experimental
results than those from the traditional approach �Table I�.
Using the traditional approach, the effect of molecular struc-
tures and molecular vibrations has recently9 been incorpo-
rated in computing the rates in nonplanar heterocyclic mol-
ecules. These effects are probably important for molecules
but for solids they are not expected to make a huge differ-
ence. For molecules, one may also have to calculate the sepa-
ration between the excited e-h through HOMO and LUMO
molecular orbitals �see Eq. �2�� as the use of excitonic Bohr
radius may not be valid. In every other aspect, the theory can
be applied to molecular structures as well.

The rates of radiative decay of triplet excitons have also
been measured recently24,25 in conjugated polymers with
pendant phosphorescent iridium �Ir� complexes. The atomic
number of Ir �Z=77� is not very different from Pt �Z=78�
and hence according to the present theory, we should get
similar rates as in Pt complexes. However, the observed rates

TABLE I. Assuming m
e
*=m

h
*=me, which gives �x=0.5me and taking �=3, rates of spontaneous emission are

calculated from Eq. �3� for a few molecular crystals, conjugated polymers, and platinum porphyrin �Pt�OEP��.
Using these values the triplet excitonic Bohr radius becomes ax=6a0 in these materials. For the first three solids
Z=6, and for the rest Z=78 is used in the calculation.

Material
��12

�eV�
Rsp �s−1�
�Eq. �4��

Rexp

�s−1�
�R=1 /Rsp

�s�
�exp

�s�

Benzene 3.66a 0.63 ¯ 1.6 4–7a

Naphthalene 2.61a 0.45 ¯ 2.2 2.5a

Anthracene 1.83a 0.31 ¯ 3.19 0.1a

P1 2.40b 5.5�103 �6�4��103c 1.82�10−4

P2 2.25b 5.1�103 �1.8�0.9��103c 1.96�10−4

P3 2.05b 4.6�103 �1�1��103c 2.17�10−4

Pt�OEP� 1.91d 4.9�103 2.03�10−4 7.00�10−4

aReference 7.
bReference 16.
cReference 8.
dReference 18.
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are found to be an order of magnitude higher in Ir
complexes25 than those in Pt complexes. This discrepancy
may be attributed to the fact that in Ir complexes the excita-
tion back transfer rate from iridium complexes to the poly-
fluorene backbone is much faster than the radiative rate from
Ir calculated here. Then inverse of the triplet lifetime will
depend on the sum of this nonradiative transfer and radiative
rates. In that case, it may be necessary to consider the influ-
ence of the structure on the radiative rate in these materials.
This requires further investigations.
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