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A rate expression for the intramolecular nonradiative transition where a promoting mode acts also as an

accepting mode at the same time has been derived within the statistical limit.

The dependence of the non-

radiative transition rate on the shift of the equilibrium point of the promoting mode in the relevant electronic
states, 4,, has been examined for two cases, i) excited > ground states and ii) excited -#W»> excited states,
in aromatic hydrocarbons which satisfy the above condition.

In recent years, there have been many theoretical
and experimental discussions!='®) regarding the nature
of the intramolecular nonradiative transitions in large
molecules. Many theoretical discussions have been
made of electronic relaxation processes in which vibra-
tional modes are explicitly classified as promoting,
accepting, and irrelevant modes for the nonradiative
transitions: further, the promoting modes have been
distinguished from the accepting modes.

The promoting modes for the internal conversions
are determined from the symmetry consideration in
the coupling matrix element between the relevant
electronic states.!® On the other hand, for the inter-
system crossings where two kinds of perturbing operators,
i.e., the spin-orbit and nuclear kinetic energy opera-
tors, may act, the identification of the promoting
modes is dependent on the coupling mechanism;
when the zero order spin-orbit interaction does not
vanish by symmetry, the rate for the intersystem
crossing is irrelevent to the promoting modes, while
when the higher order spin-orbit vibronic interaction
has to be included, the promoting modes will play
an essential role in the intersystem crossing. Various
mechanisms have been proposed,?—2% but no one has
been able to uniquely identify the promoting mode for
the intersystem crossing. We shall confine our investi-
gation to the role of the promoting mode for the internal
conversion of large molecules.

Considering the simple model of the non-displaced
and non-distorted harmonic potential-energy surfaces
for the promoting mode, Lin? and Freed and Jortner?
have demonstrated the propensity rule for the promot-
ing mode—that is, it must gain or lose one quantum
of the vibrational energy in the electronic transition.
The propensity rule for the promoting mode leads to
the concept of an effective energy gap which differs,
as a result of increase or decrease by one quantum of
the vibrational energy of the promoting mode, from
the electronic energy gap between the relevant elec-
tronic states. The applicability of the propensity rule
is, however, restricted to the electronic relaxation
between electronic states with different irreducible
representations of the point groups of a molecule in
the weak coupling cases. When we consider the
nonradiative transitions between the electronic states
with the same irreducible representation of the point
group of a molecule, the propensity rule should be
altered because the promoting mode will act as an
accepting mode at the same time. The physical
situation in this category will involve, for example,

the internal conversion from the first excited singlet
state (*A;) to the ground state of phenanthrene.25:26)

A similar problem was considered by Fong and
Wassam.?”) Their formalism was based on the time-
correlation function proposed by Kubo.?®  They
thought that the situation will be encountered in the
nonradiative transition, S; “W» T, of benzene in the
solid state, where the Dg, symmetry is retained in the
first excited singlet state and where, on the other hand,
the symmetry in the lowest triplet state has a lower
value than Dg,. However, the application of the for-
malism of Fong and Wassam to the S; Wy T, tran-
sition of benzene in the solid state was criticized by
Nitzan and Jortner?® because the symmetry reduction
in the lowest triplet state might be due to the crystal-
field effect.

In the present paper, we will derive a rate expression
for the nonradiative transition, considering that the
promoting mode acts also as an accepting mode in
the weak coupling case; the results will be compared
with those of the case in which the promoting and
accepting modes act independently. The present
formalism will be primarily based on the treatment by
LinY and Englman and Jortner®) in the framework of
the weak coupling case in large molecules. The
interference effect between promoting modes will be
neglected. As a simple case in which there is no
displacement for the promoting mode between the
relevant electronic states, the expression contains the
same results as those derived by Freed and Jortner.?
The steepest-descent method will be used to determine
the most probable path for the nonradiative transition
(the highest frequency mode belonging to the displaced
potential surfaces) and to examine the contribution of
the second-highest frequency mode to the partitioning
of the excess energy. Nonradiative transitions between
the excited states of such aromatic hydrocarbons as
naphthalene having dimensions larger than benzene
will be treated, where the shift of the origin of the
highest mode (fiwc-u=3000 cm~1) may be considered
to be smaller than that of the second-highest (Awc-c=
1500 cm~1) by about one order.

Theory

The nonradiative transition rate from an electronic
state, s, to a lower electronic state, t, with a quasicon-
tinuum vibronic manifold is given by the time-dependent
perturbation theory as:

W(s AW t) = —%t—lZPsll(tmlVlsl)]zé(Em—Esl) (1)
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where 1 and m refer to vibrational states belonging to
s and t electronic states respectively and where E
and E,, refer to the energies of the initial and
final states respectively. P, is the Boltzmann weight-
ing factor for the initial vibronic states:

Py = exp (= fEw)[> exp (—BEq) 2

where B=1/k;T.

There has been a fair amount of discussion concern-
ing the choice of the zero-order basis set for describing
the nonradiative transition in an isolated molecule.30-3%)
We shall take Born-Oppenheimer states as the zero-
order set in the present treatment. In the adiabatic

representation, the electronic wave function, @, and
the vibrational wave function, £, satisfy the following
equations:

Hy(r, Q)@s(r, Q) = Es(Q)Ps(r, Q) 3
and:

[T(Q)+E(Q)]1Ea(Q) = EaEa(Q) )
where

Hy(r,Q) = T(r) + U(r, Q), ®)

and where r and Q denote the coordinate of the electrons
and the vibrational coordinates respectively. T(r),
T(Q), and U(r,Q) denote the kinetic energy of the
electrons, the kinetic energy of the nuclei, and the
electrostatic potential energy respectively. The adia-
batic wave function, ¥,(r,Q), is given by the product
of the electronic wavefunction, @,(r,Q), and the vi-
brational wave function, £,,(Q):

Va(r, Q) = 0s(r, Q) Ea(Q). (6)
The perturbation, V, for the nonradiative transition
is the nuclear kinetic energy, 7(Q). Then, the matrix
element in Eq. (1) can be expressed in the following
way:

{tm|V]sl) =

1 o 004(r,Q) 0
— 23— 1t tm ‘-'sl
53700 QB Q)| 50 55-50(@) )
B 1 30,(,Q)
- 533700 QFm(@) | 505 usl<Q>>

@

where the subscript, p, denotes the promoting mode
which induces the nonradiative transition between
relevant electronic states. We assume the potential
energy surfaces to be harmonic and displaced.

In the present treatment, Eq. (1) will be evaluated
within the so-called Condon approximation, which is
based on the assumption that the first derivative of the
initial electronic state varies slowly with the nuclear
coordinates. We assume that the nonradiative tran-
sition is induced by a promoting mode, ¢,.3% We
utilize the time-integral representation of the é-function
in Eq. (l). Performing the summation over the
vibrational quanta, m,; and l;, for the i-th mode in
Eq. (1) by the aid of the Slater sum rule, and integrat-
ing Eq. (1) over the normal coordinates, we obtain:

AEt N’
W(s “We t) = a)p2|VmP|2 dt exp AT12;

®

Role of the Promoting Mode in Nonradiative Transitions

1187
where:
LG )e
9
T AE, ©
2, =exp [-— 2ni2+ ! A2+ ni;—l A2exp (iw;t)
n; .
+ 2—Ai2 exp (——zwit):] (10)
and:
2,
4, = —2— (np+1) exp (iwpt) +n, exp (—iwpyt)
45" +1—(n,+1) exp (iwyt) —n, exp (—iwpt)}"]

(11)
AE,, in Eq. (9) is the virtual energy-separation between
zero-order electronic states, s and t. The n; notation,
in Egs. (10) and (11) represents the average number of
the excited vibrations with the frequency of w; at
thermal equilibrium: that is,
= [exp (Bliw;) —1]7 (12)
and A,=(p,0,/B)Y2(Q 0 —Q 50)  the reduced dis-
placement of the equilibrium position of the i-th
normal coordinate in the two electronic states. In
deriving Eq. (8), the Herzberg-Teller expansion was
utilized in order to obtain the approximate adiabatic
electronic wave functions. The prime in Eq. (8)
means the exclusion of the promoting mode in the
2, product. The inclusion of the £, appearing in
4, in the 2, product leads to the following equation:

W(s W t)
.2 =) .
= —2L| Vstplzexp(—ﬂ)‘/:mdtl:(np—l—l)cxp(zwpt)
. A2 .
+ny exp(—iwpt) +—2L{2np+ 1—(np+1) exp (iwyt)

—mpexp (—iot)}* | exp |~ +1-(0 | (13

(nl 5 )A (14)

73 (e 142 exp (o) (15)

where

7 = 7+(0)+7-(0) =

7.(8) =
and
1) = 5 S exp(—io) (16)

We have derived the rate expression for the non-
radiative transition using the harmonic displaced
potential-surface model in the form of the Fourier
transformation. Let us, for the sake of simplicity,
consider the nonradiative transitions within the low-
temperature limit; then we have

W(s W 1)
cxp(— ;%)ﬁmwdt[exp {_%ﬁ‘ﬁi‘

} > )

+E exp (iw; t)}:l 17)

st

+Z

zAEt
X exp {
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We are interested in the nonradiative transitions of
large molecules within the statistical limit. The time
integration of the nonradiative transition rate in Eq.
(13) can be carried out by the steepest-descent method,
which has frequently been applied to the evaluation
of the nonradiative transition rates in large molecules
on the assumption that the highest frequency mode
with the displaced potential acts as an accepting mode.
The modes with the displaced potential surface between
relevant electronic states in the case of the weak coupl-
ing of large molecules such as aromatic hydrocarbons
are identified as follows: (1) totally symmetric C-H
stretching modes, and (2) totally symmetric C-C
skeletal stretching modes. The other vibrational modes
do not lead to the shifts of the adiabatic potentials
when the vibronic coupling, such as the Jahn-Teller
coupling and the pseudo-Jahn-Teller coupling, may
be neglected. This assumption may be justified in
benzene, which has a relatively low second-high
frequency mode (the C-C skeletal stretching mode with
~1000 cm—1) compared with the highest frequency
mode (the C-H stretching mode with ~3000 cm—1),
and in the case of the nonradiative transitions between
the excited and ground states of other aromatic hydro-
carbons, where the reduced displacements of the ac-
cepting modes are considered to be of the same order.
In this case, we have exp (iwg_yt) =X if X=exp(iwg_gt)
and the coeflicients of X and X? are of the same order
in the time integration of the nonradiative transition
rate; therefore the highest frequency terms, exp(twg_gt),
makes the main contribution to the determination of
the saddle point. However, this assumption may
lead to a drastic error in evaluating the rates of the
nonradiative transitions between the excited states of
the aromatic hydrocarbons larger than benzene,
where the frequency of the highest-frequency mode
remains constant (3000 cm~1); on the other hand,
that of the next highest frequency mode increases (the
C-C stretching: ~1500 cm™!) compared with that
of benzene, and the reduced displacement of the latter
may be considered to be larger than that of the former
by about one order. From the above point of view,
we shall use the steepest-descent method, taking into ac-
count the fact that both the C-H stretching (3000 cm—1)
and C-C stretching (1500 cm~') modes act as ac-
cepting modes. Ultilizing the steepest-descent method,
we obtain this final expression for W(s -“WH t) at
low temperature:

2 A 2
=2 Vol exp (- 257 (- 41k

A 2
+ 10+ 12h0,)} | 18)
where
I(e) = K(2m)'/2
A —E& II2 p2
X exp {——(—}fw—p)log Ae)+ A2 A%(e) + A2 A(e)}
1 ~1/2
x {2(7ia)p)2AH3A2(£)+E‘(fia)p)2AD2A(e)} ! (19)
and where
_APT {100t aB—g
Ale) = 4AH2[ 1+{1+ had s } ] (20)
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The A, and Ay which appear in Eqgs. (18), (19), and
(20) denote the reduced displacements of the C-C
stretching mode with the w, frequency and the G-H
stretching mode with the wy frequency respectively.

Discussion

Assuming that the promoting mode is independent
of the accepting modes, Englman and Jortner® and
Freed and Jortner” have derived the rate expression
for the nonradiative transitions in large molecules
using the displaced potential-surface model for the
accepting modes. Their results imply that in the
case of weak coupling, the nonradiative decay is char-
acterized by the exponential dependence on the
effective gap, 4E—Fkw,, in the low-temperature range
(energy-gap law). It should be noted that Eq. (18)
reduces to the expression derived by Freed and Jortner
when there is no displacement for the promoting mode.
Equation (18) reveals that, when 4,0, the nonradiative
decay occurs through Processes 1, 2, and 3, whose
energy gaps are AE, AE—hw, and AE—2kw, re-
spectively.

Considering the simple model systems for the non-
radiative transitions, we have examined the dependence
of the nonradiative transition rate, W (s “W» t), on the
reduced displacement for the promoting mode, 4,
in the low-temperature range. Regrettably, the exact
electronic wave function is not known at present, so
we cannot obtain a reliable value of V? by direct
computation. We will instead calculate the R=
W(4,%0)/W (4,=0) ratio, since by using it V,? need
not be determined. The present information con-
cerning the potential surfaces of aromatic hydro-
carbons is insufficient for us to determine the magnitude
of displacement required to evaluate the nonradiative
transition rates, but at least it can be seen that the
modes with the nonvanishing reduced displacements
belong to the totally symmetric CG-C skeletal stretching
and the totally symmetric C-H stretching modes in the
case of weak coupling, the magnitudes of the reduced
displacements for the C—C stretching modes being of
the same order between any electronic states con-
sidered. Recently, we proposed a semi-empirical
method for evaluating the reduced displacements of
the skeletal stretching modes in aromatic hydrocarbons;
we found that the magnitudes of the reduced displace-
ments for the C-C stretching modes are of the same
order between any m-n* electronic states considered.®”
For the reduced displacements of the C-H stretching
modes in aromatic hydrocarbons, we expect the Ay
between zn—n* excited states to be smaller than the
Ay between m—n* excited and ground states, as the
change in the C-H bonds is considered to be smaller
between n-n* excited states, especially when lower
m-n¥* excited states are involved. In fact, Burland
and Robinson® have reported that the 4y between the
first excited-singlet and the lowest-triplet states in
benzene is smaller by about one order than the Ay
between the first excited singlet and ground states. In
the absence of more detailed information concerning
the value of 4y for other molecular systems, we suppose
that the Ay between the excited states is also smaller
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Fig. 1. Variation of R as a function of 4, in the

excited —~A\N> ground state nonradiative transition.
Numbers in parentheses denote the energy gap, AE
in eV.

by one order than the 4y between excited and ground
states in the present calculations. For the present
models, two cases will be examined: i) excited -W9
ground states, and ii) excited -W excited states.

i)  Excited “Wo Ground States. From the analysis
of the absorption spectra of aromatic hydrocarbons,
Byrne et al.3®) have concluded that the values of Ay
are in the range of 0.18—0.42 and that 4y is independent
of the dimensions of the molecules. For the present
calculations, the value of 4;=0.3 will be taken. In
Fig. 1, R is plotted as a function of 4, in the range of
0.1—1.2. Figure 1 shows that the ratio, R, of the
nonradiative transition between the excited and ground
states within the statistical limit increases only by a
factor of 2 in the vicinity of 4,=0.5. Using the
steepest-descent condition, 9F(¢)/d(it)|1=-=0, where
F(t) and it=1 are the exponent in the time integration
of the nonradiative transition rate and the saddle
point obtained respectively, we can then determine
the partitioning of the excess electronic energy into the
vibrational modes involved. Considering the non-
radiative transition, whose energy gap is 24000 cm—!
and whose reduced displacement 4, is 0.5, 909, of the
excess energy goes into the C-H stretching mode
through Process 2 with AE—fw,. From the above
results it seems that the existence of an effective ac-
cepting mode (the C-H stretching mode) will be enough
to explain the characteristics of nonradiative transition
rates when the 4, and A4y are of the same order. In
this case, the ratio, R, of the nonradiative transition
rates in the low-temperature limit is expressed as a func-
tion of 4, as following:

R=KA2 + 1,
where
172 __dE AE—ho
K= i(1— ﬁ“"’) (CAE) " How {{(AE—hop)}  om
2 4E
N ( ko, ) n l( _AE_—ﬁ‘”P)l/z
P\ g )" 2\JE—2kw,

_ 4E—=%%kwp AE—fwp
X {C(AE~2kw)} ™" Tom {G(AE—Fwy)) Tom
fw,
ﬁ(I)H ) - L.

K is independent of 4, since ¢ =<Z 7

@1

X exp(~

2\~1
h—wié]—i—) includes
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Fig. 2. Variation of R as a function of 4, in the
excited —/\V\> excited state nonradiative transition.

the parameters of the C—H stretching mode only. The
role of the promoting mode is only to reduce the excess
energy by zero, one, and two quanta of vibrations for
Processes 1, 2, and 3 respectively.

i1)  Excited “\\W Excited States. As has been
stated above, we suppose that the Ay between lower
m—n* excited states is smaller by one order than the 4y
between the excited and ground states. A variation
in Ay by a numerical factor does not contribute sig-
nificantly to the present results. Then, for the sake
of simplicity, the 4,;,=3 X 10~2 value is taken regardless
of the relevant n—n* excited states. Figure 2 indicates
that the ratio of the nonradiative transition ratesin-
creases from a factor of 3 to one order in the 4, range
of 0.3—0.5; this may be considered to be a case of
weak coupling, and the magnitude of the ratio may be
dependent on the energy gap. Let us consider the
distribution of the excess electronic energy into the
vibrational modes. The distribution is strongly de-
pendent on the 4,: a rough estimation shows that,
contrary to the nonradiative transition to the ground
state, 60, 70, and 909%, of the excess energy, dE=
16000 cm~1, go into the C—C stretching modes through
Process 2 when 4,=0.3, 0.5, and 0.8 respectively.
The promoting mode may, then, act as the accepting
mode in this case. This fact also indicates that we
cannot exclude the second-highest frequency mode
with a displaced potential from the accepting modes
when we study the nature of the nonradiative transition
between excited states in such large molecules as
aromatic hydrocarbons.

Fong and Wassam?”) suggested that, as a consequence
of the removal of the zero displacement for the pro-
moting modes, the most important point is the effective
diminution of the energy gap by the dv=2 process in
the event of a small configuration change corresponding
to a case of weak coupling. The present result ob-
tained by numerical analysis indicates that the above
suggestion by Fong and Wassam is justified in the case
of nonradiative transitions between excited states in
the aromatic hydrocarbons.

In the present treatment we have derived the non-
radiative transition rate, neglecting the interference
effect between promoting modes. As has been stated
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by Freed and Jortner?”), the interference effect can be
expected between two modes, p and p’, if the following
conditions are satisfied: 4,%0, 4,%0, V,?*0 and
V.»%0. In a subsequent paper, the interference
effect between promoting modes will be described in
detail.
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