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Intramolecular nonradiative transition rates for various interstates of benzene were calculated from the stand-

point of the breakdown of the Born-Oppenheimer approximation.
elements were explicitly evaluated. These parts vary in the range of 10-1—10-3 A-1,

The electronic parts of the coupling matrix
The nonradiative transi-

tion rates for the *E;,—'B,,, !B,, transitions were predicted to be appreciable. The rate for the 1B,,—B,, transi-
tion vanishes as long as the geometrical structure of the 1B, state is assumed to be of the Dg;, symmetry. These
results are compared with the experimental nonradiative transition widths recently reported by Jortner et al.

The ocurrence of intramolecular radiationless transi-
tions in polyatomic molecules in the gas phase is
now a well-established experimental fact.2=1%  Previous

1) M. Kasha, Discuss. Faraday Soc., 9, 14 (1950).
2) N. Stevens and E. Hutton, Mol. Phys., 3, 71 (1960).
3) M. Kasha, Radiat. Res. Suppl., 2, 243 (1960).
4) K. F. Greenough and A. B. F. Duncan, J. Amer. Chem. Soc.,
83, 555 (1961).
5) R. Williams and G. T. Goldsmith, J. Chem. Phys., 39, 2008
1963).
( 6) P. Seybold and M. Gouterman, Chem. Rev., 65, 413 (1963).
7) G. W. Kistiakowsky and C. S. Parmenter, J. Chem. Phys.,
42, 2942 (1963).
8) R.J. Watts and S. J. Strickler, ibid., 44, 2423 (1966).
9) R. E. Kollogg, ibid., 44, 411 (1966).
10) P. Pringsheim, “Fluorescence and Phosphorescence,” In-
terscience Publishers, New York (1949), p. 271.

theoretical investigations concerning radiationless tran-
sitions have been based on the implicit assumption that
the coupling between the molecule and the medium is
essential for the occurrence of the nonradiative process.
The theory for intramolecular radiationless transitions
in an isolated molecule was set forward by Lin!") and
by Bixon and Jortner,'? who derived the necessary
restricting conditions for the occurrence of a radiation-
less transition in an isolated molecule in the gas phase
from the standpoint of the breakdown of the Born-
Oppenheimer approximation.

Information on the rates of the radiationless transi-

11) S. H. Lin, J. Chem. Phys., 44, 3759 (1966).
12) M. Bixon and J. Jortner, ibid., 48, 715 (1968); ibid., 50,
3284 (1969); ibid., 50, 4061 (1969).
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tions may be inferred from the linewidths in the absorp-
tion spectrum. In gas-phase spectra, it is difficult to
determine the rates experimentally because of the trivial
diffuseness of the linewidths as a result of the molecular
rotation, the molecular vibration, and the sequence
spectral congestion, but these difficulties are eliminated
at low temperature in solid matrices. Recently Jortner
et al.'® have observed the linewidths in the absorption
spectra of benzene at low temperatures in the rare-
gas matrices and have estimated the line broadenings
arising from the intramolecular radiationless decay
in the lower three excited states (1Bay, “Biu, and 1Ey,) of
benzene.

Our main purpose in this paper is to calculate the
radiationless transition rates in the lower three m—zn*
excited states of benzene on the basis of the theory for
intramolecular radiationless transitions in an isolated
molecule and to compare the results with the above
experimental information reported by Jortner et al.

Robinson and Burland!¥ have calculated the radi-
ationless transition probabilities for the internal con-
version between the 1Bj, and 14,, states and the inter-
system crossing between the 3B, and 14,, states in
benzene. In their treatment, however, the explicit
forms of the perturbation terms which cause the zero-
order states to be nonstationary were not given, and the
physical meaning of the perturbation terms is somewhat
obscure.

Our calculation of the radiationless transition rates
in benzene is made on the basis of the following assump-
tions:

(1) The radiationless transition is regarded as the
transition from the lowest zero-order Born-Oppen-
heimer vibronic level, ¥, in the higher electronic state
to a dense manifold of the (zero-order) vibronic levels, ¥ ,,
corresponding to a lower electronic state, and the break-
down of the adiabatic approximation is taken as the per-
turbation which brings about the radiationless decay.

(2) The coupling matrix elements, v, between the
¥;and ¥, states are assumed to be constant, independ-
ent of the channels which connect the initial state
with a manifold of the vibronic levels, ¥.

(3) The density, g, of the zero-order vibronic states,
¥, is sufficiently high to exceed the reciprocal of the
vibronic coupling term, ». This is nothing but a
condition for the statistical limit of the intramolecular
vibronic coupling and is expressed as:

po > L (1)

(4) The vibrational wave functions are approximated
by a product of the harmonic oscillator wave functions.

Method of Calculation

In the excited electronic states of a large molecule, the
Born-Oppenheimer separability condition for electro-
nic and nuclear motion breaks down, and the intramole-
cular coupling between the zero-order vibronic level, ¥;,
and a dense manifold of vibronic levels, ¥ ;, correspond-
ing to a lower electronic state, both of which are eigen-

13) B. Katz, M. Brith, B. Sharf, and J. Jortner, J. Chem. Phys.,
52, 88 (1970).
14) D. M. Burland and G. W. Robinson, #bid., 51, 4548 (1969).
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states of the Born-Oppenheimer Hamiltonian, H,, is
induced by the nonadiabatic interaction term (the
nuclear kinetic-energy operator), V:

V=H-H, @

By considering the time evolution of a coherently-excited
molecular state, which can be displayed as a time-de-
pendent superposition of molecular eigenstates, each
of which is a time-independent superposition of zero-
order vibronic states, Bixon and Jortner showed that,
with the statistical limits, the rate constant, &, for the
nonradiative transition is given by:

k = (2n/h)pv? 3)
where v is the coupling matrix element and is expressed
by:

v =T, |VI|¥. 4)

The adiabatic (zero-order) molecular wave functions,
¥, are represented in the simple product form:

v, = q)bobﬂ (5)
and:

¥, = Bgb,. (5)
where ® is the electronic wave function and where 6 is
the vibrational wave function. The non-adiabatic
interaction term, V, is given explicitly by the following
equation:

V?Fi = T(Dbebﬂ - (I),,TH,,B (6)
where T denotes the kinetic-energy operator for nuclear
motion. The coupling matrix element, v, can now be
displayed in terms of normal coordinates, Q;:

v = =D, (0/0Q:) | Po)<Oaal (9/0Q:) | Oop> 7
where the Condon approximation!® has been em-
ployed.

We are now in a position to treat the electronic
and vibrational parts of Eq. (7) separately. First, the
reduction of the electronic part will be considered.
Expanding the Hamiltonian in normal coordinates to
the first order, we obtain:

H = H? + Hg + 3{(0H,/0Q:)o + (0H;0/0Q:)0}Qs  (8)

where H,, is the spin-orbit coupling Hamiltonian and
where the two superscripts of H, and H,, and the two
subscripts of (0H,/0Q ;) and (0H,,/0Q ;) indicate that the
corresponding quantities should be evaluated at the
ground-state equilibrium nuclear arrangement. Fur-
ther, the P, and P, wave functions are expanded into the
series of @9, and the expansion coeflicients, correct to
the second order, can be determined using the second-
order perturbation theory. We thus obtain for the
internal conversion.
o 4
(@, (0100 [0y = <DL CHSRIIPD )
(Eb _Ea )

and for the intersystem crossing:

(@2 (0H,/30.), |
(@, (330 | Dy> = A0 ol
<q)ao l Hsoo ' (Dco> <q>co l (aHo/aQ-i)o I(Dbo>
+zﬁ§3{ (B2~ EQ) (B — Ey9)
(D, (2H, 90, )y | B (D HE B, ,
* R S B

15) M. Lax, ibid., 20, 1752 (1952).
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The problem is thus reduced to the calculation of the
matrix element:

<q)a.oi (aHo/aQ.i)o |(I)bo>'
According to Albrecht'® and Liehr,'” this matrix ele-
ment is to be written as follows:
3 N
{D°[(0H,[0Q5)0 | P> = fg‘i "g(afaf 10Q.4)o
X [0aa(0) 0o, /013010 01 o108 oty (10)
where ¢ runs over the N nuclei, where p denotes the

pth electron, where &,7 is the coordinate of the nuclei
in the Wilsonian type (Fig. 1), and where the inte-

Ry
Us Ui
Re Ra
Uz
Us
R Rs
& b 4
Ra

Tig. 1. Wilsonian type coordinate.
R: radial displacement of Wilsonian type coordinate
U: tangential displacement of Wilsonian type coordinate

gration of right-hand side of Eq. (10) is over the pth
electron. (9£,7/0Q ), is a matrix element which trans-
forms the normal coordinates into the local cartesian
coordinates, and (07,4/0&,7), is the appropriate direc-
tion cosine of the vector, ry,, connecting the p electron
and the ¢ nucleus with respect to the local cartesian
coordinate, f. ga is the one-electron transition densi-
ty given by:

pu(t) = D20 %dx (1

where 7 is the number of electrons and the integration
is over all but the pth electron. It should be noted
that H,, po is just (—Z,e?/r,.), because the only nuclear
dependent part of the Hamiltonian is the Coulomb
potential between the electron and the nucleus. As an
example, the electronic part (1By,—'4,,) will be calcu-
lated in the Appendix.

Next, the vibrational part in Eq. (7) will be consider-
ed. The vibrational wave functions are approximated
in terms of the products of the harmonic-oscillator wave
functions, xemi(Q:) and xeni(Q:'), where mi and ni cor-
respond to the vibrational quantum numbers:

O = M5i(Q) (12)

and
0am = ItIXami(Q.i) (13)

where Q' =Q ;-+R;, R; being the displacement of the
equilibrium points of the its harmonic oscillator be-
tween the initial and final states. Using Eqgs. (12) and
(13), we get the following expression for the vibrational
part of the coupling matrix element:

16) A. C. Albrecht, J. Chem. Phys., 33, 156 (1960); ibid., 50, 169
(1960).
17) A. D. Lichr, Z. Natutforsch., 4, 13, 596 (1960).
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Oum|0/0Q;| 05y = Kams(Q4) | (0/0Q3) | Xpni( Q)
Xlg<xamj(Q.j) [Xong(Q ). (14)

Lams(Q4)[(8]0Q 1) | Xons(Q s') > is the non-adiabatic over-
lap integral; this term can also be expressed in terms
of the usual overlap integrals as follows:11:18)

Kams(Qo) [ (0/0Q4) [ Xpni( Qi) = ni*/*Xgms(Qy) [y, ni-1(Q4)>
— (4 1) VE X i (Q) | Xo,ninn (Q4)D (15)

All the vibrational wave functions in the initial
electronic state are assumed to correspond to the zero-
quantum vibrational level.

In Eq. (14), we must take into consideration all the
possible combinations of the vibrational overlap inte-
grals under the constraint of the conservation of the
excess electronic energy of the final state. Because of
the difficulties of the above procedure, the first term on
the right-hand side of Eq. (14), which corresponds to
a non-adiabatic Franck-Condon overlap, is taken as
the average value of the vibrational coupling matrix
elements.

The evaluation of the vibrational part of the coupl-
ing-matrix element is thus reduced to the calculation
of the overlap integral, Sms,ni(=<tami(Qs) %62 (Qs")>).
The analytical expression of Sns,»; as a function of the
Kni and K,; constants and the displacement of the equi-
librium point, R;, is given as follows:

(2aﬂ)ni—k(2y)mt—2j—ni+k
K=o (ni—k)!(mi—2j—ni+k)!

[mi_/‘zl (02— 1)! ni

<o g!

Smi,ml =cC

% E%) (ﬂz__ l)L(Zé)k-zL

& LIk-2L)y] (16)
where:
0 = (M i) nil) s Iig"ilfég‘)
2 K22
x exp| - TRy )

where v,; and . are the vibrational frequencies for
the initial and final states and where u is the effective
mass. This formula for Snn.; applies only to a one-
dimensional harmonic oscillator. For a two-dimen-
sional case, we use the formula derived by Bell and
Warsop.1?

For the vibrational frequencies in both the '4,, and
1B,, states of benzene, we employ the values proposed
by Bernstein et al.?® and by Garforth ¢t al.??) For the
other states, the vibrational frequencies are unknown.
Recently the differences in the zero-point vibrational
energy between the ground state and excited states in
benzene have been obtained by observing the deuter-
ation effects on the transition energies.’® We assume

18) T. Matsushita, Doctoral Dissertation, Univ. of Tokyo (1967).

19) S. Bell and P.A. Warsop, J. Mol. Spectrosc., 20, 425 (1966).

20) E. R. Bernstein, S. D. Colson, D. S. Tinti, and G. W. Robin~
son, J. Chem. Phys., 48, 4632 (1968).

21) F. M. Garforth, C. K. Ingold, and H. G. Poole, J. Chem.
Soc., 1948, 491.
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that the vibrational frequencies for the 1By, and 1E,,
states can be estimated from these data.

Apart from the coupling matrix element, the remain-
ing parameter determining the radiationless transition
rate is the density, p, of the vibrational energy levels.
The classical approximation?2-24) for the density of
vibrational states is not sufficiently accurate, the main
reason for the inaccuracy being the neglect of the zero-
point energy. We adopt in this paper the semiclassical
approximation proposed by Haarhoff,?» where the
density is expressed as follows:

p = [(E+E Y (n=1) /)T (17)

and where »; is the frequency of the ith oscillator, 7 is
the number of the vibrational freedom, E is the energy
difference between the initial and final electronic states,
and E; is defined by the equation:

ES = 2:}(hvt/2). (18)

Results and Discussion

The nonradiative transition rates between the various
states shown in Fig. 2 have been calculated by the
method described in the preceeding section. The vi-
brational level densities calculated for the various elec-
tronic states are shown in Table 1. The calculated

(10%m")
6.0+
IElu
’Blu
4.5+
| 3
D BZu "82
3 u
E Elu
30t maBlu
1.5+
04 ——'Alg
Fig. 2. Energy-level diagram showing the low-lying states
of benzene.

matrix elements are summarized in Tables 2, 3, and 4.
As can be seen from Table 3, the electronic parts of the
vibronic matrix elements for the nonradiative tran-
sitions vary over a wide range, from about 10-1 to
10-3 (A-1). The electronic part for the 1By,—1B,, non-
radiative transition vanishes, because all types of the
transition density give zero. These results indicate

22) R. A. Marcus, J. Chem. Phys., 20, 359 (1952), ibid., 43,
2658 (1965).

23) R. A. Marcus and O. K. Rice, J. Phys. Colloid. Chem., 55,
894 (1951).

24) M. Vestal, A. L. Wahrhaftig, and W. H. Johnston, J. Chem.
Phys., 37, 1276 (1962).

25) P. C. Haarhoff, Mol. Pkys., 7, 101 (1963).
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that the electronic parts cannot be taken as constants
in calculating the nonradiative transition rates. The
calculated nonradiative transition rates are summarized
in Table 4.

TaBLE 1. CALCULATED LEVEL DENSITIES

Electronic state

. 1
I a)
evel density =t

Initial Final
'B,, 4, 9.26 x 10
e .50 10¢
1u 2u -IUX
iEm 1A10 4.25% 10;7
E,, B,, 9.60x 10
'Ely 'Biw 1.17x 10°
1B,, 3By 2.25% 104
'B,, ;0 1.90x 108

a) The level densities are given by Eq. (17).

TABLE 2. CALCULATED ELECTRONIC PARTS

Electronic state 3 Inducing
T <q)a, 37!'—’([)5> mode
Initial Final i (cm™)
1By, 14,, 1.3x 1071 (A1) b,y (1313)
2.8x1072 by, (1147)
'Biu 14, 2.0x10°3 by, (3069)
1.9x 1072 by, (1011)
'Biu 1By, 0 ay, (1340)
1E 4,4 7.0x107¢ 1, (3063)
7.5x1072 e, (1478)
2.6x1072 €14 (1035)
E.. 'Bou 8.0x 1073 €59 (3042)
1.9x 1072 €5y (1584)
8.6x1073 ey (1174)
5.6x 1072 €54 (606)
B Bia 7.5x1072 e,y (3042)
2.1x107t e, (1584)
8.4x 107 €59 (1174)
3.7%107! €5, (606)
TABLE 3. CALCULATED NON-ADIABATIC

FrANCK-CONDON FACTORS

Non-adiabatic
Franck-Condon

Electronic state Inducing mode

T 1
Initial  Final factor® (em™)
'Byu 4,, 9.5x 10752 by, (1313)
< 10780 by, (1147)
'Biu 4,, 9.1x 1073 by, (3069)
<1078 by, (1011)
Bl 'Bya 1.3x10™1 a,4 (1340)
By, 4y 3.2x 107 e1y (3063)
< 107%™ 61 (1478)
< 107%™ ey, (1035)
Bl Byu 1.1x1077 €5y (3042)
9.3x1072 €5 (1584)
1.8x107° €,y (1174)
1.5x107% €54 (606)
E, By 9.9x 1071 ey (3042)
4.6x1072 €55 (1584)
3.6x1078 5 (1174)
6.0x 1078 €54 (606)
a) The non-adiabatic Franck-Condon factors are given
by Eq. (15).

b) These values are less than 10-5°,
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TABLE 4. CALCULATED NONRADIATIVE RATE CONSTANTS

Electronic state Nonradiative
—_— rate constant

Initial Final k (sec™?)
1B,. 4,, 1.1x107%7
By, 4,, 1.2x 107
lBlu IBZ‘M O
Elu 4,, 5.5x 107
El B,y 1.1x10™%
‘El. Bl 1.7x 10718

It is interesting to compare the calculated widths
with the experimental ones. As the present results have
been obtained on the basis of many assumptions which
can be thought to be justified within the statistical
limits, we cannot expect to reproduce the experimental
widths exactly. Katz et al.'® have experimentally de-
termined the absorption widths of the 'Ej,, 1B, and
1B,,. excited states in solid rare-gas matrices and re-
ported that they are about 300, 300, and 0 cm™! respec-
tively. The calculated width of the Ey, state is about
twenty times as large as the experimental one. This
discrepancy between the calculated width and the ex-
perimental one may be ascribed in part to the evalu-
ation of the level density by means of the semiclassical
method. Frost et al.2%) have concluded, from a com-
parison of the semiclassical method with other methods,
that the value of the level density based on the semi-
classical method is about ten to twenty times as large
as the true value in the case of a relatively low energy.

The calculated width of the B, state is zero, in
contrast to the experimental one. The width can be
expected, from a consideration of the Franck-Condon
factor, to have an appreciable order. The zero width
stems from the basic assumption that the zero-order
wave function, ¥ (B1), is constructed from the adiabatic
wave function. In the present calculations, the vib-
ronic coupling between the 1By, and 1Ej, states is not
considered. It is well known 13:17:27:28) that the B4
state is subjected to the pseudo-Jahn-Teller interaction
with the 1E,, state through vibrations of the e, sym-
metry. It can be expected, therefore, that, if ¥ (Bi.)
is constructed by means of the configurational mixing,
the calculated width will have a non-zero value. In a
subsequent paper, the vibronic-coupling matrix element
between the E;, and 1B, states via ¢, vibrations will
be evaluated on the basis of the crude adiabatic approx-

TABLE 5. RELATIVE MAGNITUDES OF LOCAL CARTESIAN
COEFFICIENTS &,%(b,,) AND £,Y(b,,) AND RELATIVE
MAGNITUDES OF ELECTRONIC INTEGRALS
Ich (Bzw Alg’ bzu) AND IcU(Bzw Alg: bzu)

Center number

Wilsqnian
coordinate 1 2 3 4 5 6

R o O o O O (@]

U x  —x x —x x —x

26) W. Frost and Z. Pasil, J. Chem. Phys., 51, 3006 (1969).

27) L. Salem, “The Molecular Orbital Theory of Conjugated
Systems,” Benjamin, New York (1966).

28) A. D. Liehr, J. Phys. Chem., 67, 389 (1963).
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mation.29-31)

The width of the 1B,, state remains to be confirmed.
It is shown in Table 4 that the calculated width of the
nonradiative transition is negligibly small. We have
calculated the width of the intersystem crossing from
the 1B,, state to the 3F;, and 3By, states. The results
of the calculation are as follows:

(1B, —E,,) = 1.2x 1078 cm™?,
T'(*B;u—By,) = 5.0x 107 cm™,

It may be concluded that the most favorable energy
dissipation of the 1By, state is the intersystem crossing
to the 3Ey, state. The width from other works gives
2.0x10-% cm=1.7:32)

Appendix

The evaluation of the matrix element, Eq. (10), for the
radiationless transition (*B,,—'4,,) will be outlined as an
example. Q; should belong to the b,, mode, judging from
the selection rule for the nonradiative transition.

It is often convenient to symbolize the normal coordinate
coefficient by &,7(b,,), and the electronic integral, by I,7-
(Baus A1gs bsy), and to rewrite Eq. (10) as follows:

(D@ (Bau)®|{0H,/0Q (bzu) Yo | P (A1)
= i}ég,f(bw)l,,fww, Alq’ bzu): (AI)

where:
&7 (bw) = {06,710Q6,0) s (A2
LY (Bous A9, b)) = (B 43 (9Ho,3u/130)
X (Orpof02,")dy. (9

All the types of the transition density, p(B,,, 4;,), are shown
in Fig. 3. Applying a group theoretical reduction!® (Table
5) shows how Eq. (Al) may be greatly simplified. It is
proven that the identical relationships holding among the
&,7(by,) values hold among the I,7(Byy, 4y, byy) values, thus

(1) one center
(d-type)

(2)two center (3)two center
(g-type) (r-type)

)

090
000
O

B=0.4367

Fig. 3. Calculated transition density.

29) B. Sharf and R. Silbey, Chem. Phys. Lett., 4, 423 (1969).
30) B. Sharf and R. Silbey, ibid., 4, 561 (1970).

31) B. Sharf and B. Honig, ibid., 7, 132 (1970).

32) J. W. Donovan and A. B. F. Duncan, J. Chem. Phys., 35,
1389 (1961).
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permitting one to write:

(D (Bo)? [{OH,[9Q(b2) o | D (41)7
= 31 SIE ) i Bas Arg b SIS (b %, %) (A%)

where the sum over f* and ¢* goes over a minimum number
of atomic centers and the corresponding cartesian coordinates.
The expression in brackets is group-theoretically determined,
where:

Y1 (baus %, f*) = 17 (Byus Asgs bou) [153(Baus A1gs b3)

= &67 (bau)/€53(b2u)- (A5)
Thus, we may write:
(D@ (Byu)® [ {0H,/0Q(b3u) Yo | P (410)%>
= 6§ 1U(b2u)11U(B2u: Am’ by). (A6)
I,7 can be expanded as follows:
LY = B[I,(dy) cos (dy, Uy) —1,(dy) cos (dp, Uy)
+1,(ds) cos (ds, Uy) —1,(dy) cos (dyg, Uy)
+1,(d5) cos (ds, Uy) —1,(dg) cos (dg, U))] (A7)

where dy, d,,---and dg represent the distance between the
atomic center, 1, and the six centers of the transition density.
We assume that the geometry of benzene is a hexagon whose
bond distance is 1.397 A. The following values, which have
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been calculated by Liehr, are then substituted on the right-
hand side in Eq. (A7):

B = 0.4367
7 21
cos (dy, Uy) = > cos (dy, Uy) = =
39 39
cos (ds, Uy) = 96 cos (d,, Uy) = ~ 56"

7
cos (dg, Uy) = B

I,(dy) = I,(d;) = 0.1834,

21
cos (dsa Ul) = __7_’

I,(dy) = I,(ds) = 0.8239,
I,(d3) = I,(dy) = 0.0950.

Thus, we obtain:
LV(B) = 0.5378/5.201 (eV/A). (A8)

There are two normal modes in &,, species, whose vibra-
tional frequencies are 1147.7 and 1306.7 (cm-?!) respectively.
The &,7 value corresponding to each normal mode is ob-
tained as follows:

£.7 (byu— 1306.8) = —0.10716
£,7 (byu— 1147.7) = 0.04894.

By inserting Eq. (A8) and Eq. (A9) into Eq. (Al), we obtain
< D(4,4)°(3/0Q.) | P (B2,)°>=0.136 and 0.0281 (A-Y) for
the modes of 1306.8 and 1147.7 (cm-') respectively.

(A9)






