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A general formulation of the nonradiative decay-rate constant of initially selected vibronic states in
polyatomic molecules is developed. This method includes the effects of displacements as well as distortions

of the potential-energy surfaces.

The rate constant is also calculated perturbatively using the cumulant

expansion technique. For a comparison of the two methods, a numerical analysis is carried out.

The theory of intramolecular nonradiative transitions
in an isolated molecule was put forward by Lin? and by
Bixon and Jortner,? who derived the necessary restrict-
ing conditions for the occurrence of a nonradiative tran-
sition in an isolated molecule in the gas phase from the
standpoint of a breakdown of the Born—Oppenheimer
approximation.

The theoretical methods for calculating the nonra-
diative rate constants are usually based on the follow-
ing assumptions: applicability of the Fermi golden rule;
independence of the electronic matrix elements on the
vibrational configuration (the Condon approximation);
considering a harmonic potential-energy surface for nu-
clear motion;# and the occurrence of an energy equili-
bration in the initial vibronic manifold after excitation.

Attempts have been made to relax some of these as-
sumptions. For instance, the effect of anharmonicity
on the nonradiative rate constants was first examined
by Burland and Robinson® and others.*~ " Likewise, a
non-Condon approach, originally due to Kovarskii,® has
been applied by Nitzan and Jortner® to nonradiative
transitions in molecules (see also, Refs. 10, 11, and 12).
The link between these two separate approximations,
that is, anharmonic potential-energy surfaces within
the Condon approximation and a non-Condon scheme
for the harmonic potential energy, has been made by
Sobolewski.!¥

The first experiment for investigating electronic re-
laxation in different vibronic levels was performed by
Schlag and Weyssenhoff.'> They studied the excess vi-
brational energy dependence of nonradiative decay rates
in the first singlet of the 2-naphthylamine molecule from
different optically selected vibronic levels in the low-
pressure gas phase.

Among the first theoretical discussions concern-

#Very often it is further assumed that the vibrational-
electronic interactions are linear in normal modes, ne-
glecting the frequency changes which are due to quadratic
interactions.'®

ing optical-selection studies in isolated polyatomic
molecules was that offered by Brailsford and Chang,'®
who avoided the assumption of energy equilibration in
the initial vibronic manifold, and derived analytical ex-
pressions for the nonradiative decay rates of individual
vibronic levels in the simple case of displaced poten-
tial surfaces (i.e., neglecting the frequency distortions).
However, the crucial step in their derivation is an ex-
pansion of the vibrational overlap integrals in a power
series in the equilibrium displacement of the normal
modes to obtain analytical expressions for the weak-
coupling limit. Heller, Freed, and Gelbart'” extended
the theory in order to interpret some of the experimen-
tal observations concerning the emission lifetimes and
quantum yields of individual vibronic levels in several
organic molecules.

Recently, the dynamics of a single vibronic level and
the excess vibrational energy dependence of nonradia-
tive transition-rate constants in isolated polyatomic
molecules have been active topics in both theoretical
and experimental studies.'® 22 Thus, it is of some in-
terest to extend the formalism of relaxation theory to
the treatment of an individual excited vibronic level.

In this paper we are concerned with the theoreti-
cal treatment of single-vibronic level decay processes
in displaced-distorted systems, in contrast with previ-
ous treatments, which either assumed an energy equi-
libration in the initial vibronic states or neglected the
frequency distortions which occur upon electronic tran-
sitions. In Section 1 we calculate the decay-rate con-
stants while taking into account the equilibrium dis-
placements as well as the frequency distortions, neglect-
ing the Duschinsky rotations. In Section 2 we calculate
the decay-rate constants perturbatively, that is, we ex-
pand the time-domain decay-rate expression in terms of
cumulants. Finally, in Section 3 we discuss numerical
calculations used to compare the various approxima-
tions that have been made.
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1. Nonradiative Decay of Single Vibronic
States

We consider a polyatomic molecule with two elec-
tronic states (a and b), and N vibrational degrees of
freedom. The vibronic Hamilitonian of the molecule
can be expressed as an adiabatic basis set {|av” ),|bv’

)} (where, for instance, v’ denotes collectively the set

of vibrational quantum numbers in the electronic state
## 1) as follows:

H= Z[av")(E +H, )(av"{+Z|b’U Y(Ey+Hy) (b2'|

+Z (laz")

’U,‘U”

a'u" b’v’<bv ‘—f—lb’l} )Hb'v’, ay’’ <G,'U [)’ (1)

where Hgyr 3y are the off-diagonal matrix elements

of the vibronic Hamiltonian, which induce nonradia-
tive transitions between the adiabatic sets {|bv’)}

and {|av")}, and E,,E, (H,,H,) are the electronic

(vibrational Hamiltonians) of states a and b, respec-
tively.

We assume that the molecule is prepared in some
single vibronic state |by’). The nonradiative rate con-

stant from the single vibronic state |by’} to the all states

{lav")} is given by,*2%

Wy (ABua)=(21/ W)Y Hayr, s * 6(ABoat By —Eyr), (2)

yll

where AEy,=FE, —E, is the electronic energy gap. By
introducing Kubo and Toyazawa’s®® generating func-
tion, the last expression takes the following form:

Wy (ABw) = (/1) [ (V07 @), . ©)

where (---),,, means a quantum-mechanical average

over the initial vibronic states {|bv)},

V (t) = exp (iHot/R)(H — Ho) exp (—iHot/R), 4)

and Hp is the adiabatic part of the Hamiltonian (H).
The integral of Eq. 3 can be evaluated by using the
saddle-point (the steepest descent) approximation; the

result is
PAGINE
T ) gy (t7), (5)

where g, (¢)=(V (0) V (¢)) pyr» and the saddle-point ¢* is
determined by the condition
9w (t7) =0. (6)

##The lower states quantities are labeled by a double prime
and those of the upper states by a single prime.

gy (£7)?

Wy'(AEba)z(l/hz){%/ [T(TF

Nonradiative Decay from a Single Vibronic State

Within the Condon approximation, e.g., | Hyy by |=
Cl{v"|v")|, (where Cis the electronic factor and (v’|v")

represents the Franck—~Condon integrals) Eq. 3 takes the
following form:

+oc0
Wy (AEse)=(C/h)? /_ _ dt exp(—iwnat)Gy (1), (7

where wp, =AEp,/h is the electronic-transition fre-
quency and

Gy (t) = <exp (iH,t/R) exp (—ifIbt/ﬁ)>vl . (8)
If the vibrational motion can be described based on
the individual oscillators, then
Gy (t) =TIG, (2). 9) -
.7 J

For the case in which the potential-energy surfaces
can be described harmonically, we can write

Gy (t) Z|<v]| >| exp{zw] (1,;’-}—1/2)—zwJ (v]+1/2)}

= / [aQiaiexn {=x; (vi+1/2) boy (@5) o1 (@)

S {2 (5 (8 (), 0
where x,,(Q;) is the vibrational wavefunction corre-
spondmg to the jth normal mode with frequency wj,

N =iwjt, and \/=—iwt. The sum in Eq. 10 can be
eliminated by introducing the Mehler formula,?®

1/2

5 exp {—£(+1/2) 1 (Qxe(@=( sinh )
exp { - 37(@+Q)*tanh (/2)- 37(@-Q) ot (¢/2)
(11)
where y=w/h. We can then write Eq. 10 as

1/2
G, (t) ( smh)\") exp{——)\;- ('v;-+1/2)}

x [ [aQjaQsx, (@5)xw; (@5)
xexp{——'y] (QJ —I—QJ) tanh ()\;-'/2)
(@)@ coth (,\;'/2)}. (12)

Substituting for the harmonic-oscillator wavefunctions,
letting d;= Q) — @ be the displacement between the up-
per and lower minimum potential-energy positions, and
changing the variables properly, we may write Eq. 12 as
follows:

Gv} (t)———{e_(”;“/z))‘; /2”;‘ j !} (u?—w?) vz
exp {—zfuf/ (1——1@)}
X/fdﬂﬂjdyij; (ujzj+w;ys) Hy, (ujz; —w;y;)
exp {—(w;—2)*~1} }, (13)
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where
u; = {1+ (7{/7;) tanh (A}'/2)}_% ; (14a)
ws = {1+ () eoth (/2)}F, )
zj = —ujd; (7§'/7§) tanh ()\;-'/2) , (14c)

and H,(z) represents the nth-order Hermite polynomi-
als. We now make use of the following identities:?7:?®

Ho (@1 + @) Ho (21 — 22) = (—2) " 3 (1) {n!/A(n— A)!}

A=0

Ha» (\/5331) Hap2x (\/51'2) H21_z—2x (\/5132) (15a)

+oo
x/ dxe_(”"y)2Hn(ax)

oo

=2 (1-a®)" o {ay/ (1-0) "}, asb)

Hau(z) = (-1)"2"nlL; 2 (2%), (15¢)

where L% (z) represents the associated Laguerre polyno-
mials, to carry out the integrations in Eq. 13 to obtain

G'v_f,. (t):
Goje "% S AR B T ()L, Y2 (0) Ly V2 {~CH()/245(t)}
" k=0 i
(16)

as a general expression for the single vibronic-state
time-correlation function for the displaced and/or dis-
torted harmonic-oscillator system. Here,

Goj= { [ (as=) /2 /(1_b§ezaj,\;.) 1/2}

xexp { —2a;8} (1-¢%73) /(1+a;) (14b;e%77) }, (17a)
A;(t) = (b +¢%%) / (1+ b)), (17b)
B;(t) = (-bj +e“"'\3) / (1 - bjea’*}) ,

C5(t)={205,/25;/ (1+a;) } (1-e*% ) / (1+b;¢%77), (17d)
with

(17¢)

fi=4a;/(1+a;)*,a; = wj Jwj
bj=(1—a;)/(1+a;),S; =1/2v;d;. (18)

At this point we should emphasize that Eq. 16 along
with Eq. 9 represent the time-domain nonradiative
rate expression from a particular vibronic state |by’)

to all vibronic states {|av”)}, in contrast with the

previous expressions, which only apply at thermal
equilibrium.™? It should also be noted that for compu-
tational purposes expression in much easier to handle
than that used in the previous work.?®

Equation 16 can be adapted to the statistical case
of a polyatomic molecule, where the vibrational relax-
ation proceeds very rapidly after excitation, leading to
a Boltzmann distribution over the initial vibrational
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state. To make this adaptation we take the canon-
ical average, G;(t)=X Py G’vJ:, (t), (where Pv]r, is the
A

f]
Boltzmann factor) by employing the generating func-
tion for the associated Laguerre polynomials,

exp{zz/(z—1)}/(1-2)"" =3 Li(x)z", (19)

n=0

which leads to the same time-domain expression as
that used for the canonically averaged rate constants.?)

Now, let us consider the following two limiting cases:

(i) Displaced Oscillator:  For this case a;=1,
b;=0, f;=1, and Eq. 16 reduces to

G (t)=
exp {—S;— (1_eiw;t) }L'u;. {—S;- (eiw;-t/2_e»iw;-t/2)2},
(20)

where L, (z) is the nth-order Laguerre polynomial. For
the weak-coupling case, we may write

La(z) = 1+ La(@) =1} _ e{—nm—— LIn(n+1)z? +0(a:3)}‘
Thus,
G,,; (t)=exp {-—S; (21}} +1) — g S ('u; +1)
+5; [(v}+1)eiw;t+v}e_iw9t]
+S;'2’U;' (v}+1) [2cos (w;-t) - %cos (2w}t)] + 0(5}3) }
(21)

which is just Eq. II-4 of Ref. 16 for the displaced-oscil-
lator system in the weak-coupling limit.

For a single-mode system in which the molecule is ini-
tially in the lowest vibrational state, the rate expression
becomes

Wo (AEsa) = (C/R)* (2m/w}) e~Si85N /N1, (22)

where Nj=wpq /W]
(ii) Distorted Oscillator:
Eq. 16 reduces to

For this case S]{=0 and

—v’ A vi—k -1/2
Gy (1) = Gje J’\sz:%AfBj (6)Li 2(0) Loy 1 (0), (23)

where =Gl is obtained from Eq. 17a by setting S;’=0.
Again, for the single-mode case and an initially vibra-
tionless molecule we obtain

Wo(A Eya)=(C/h)? (2m/20 ) {4a;/(14+a;)*}
x{(1=a;)/2(14+a) I N, [{(N; /212, (24)
where N;={wpa+wj(1—a;)/2}/wj.

Applying the saddle-point approximation to Eq. 16
yields

fiSjzi(1=bjz;)

Wy (AE4a)=(C/ h)Q{Z”/ 20 [ (1+b;2,)°
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2(205+1)b223  vjbjz;
(1—b§x§)2 (1+b;z;)*

L1 (Ry@F Ry
wiPal \ Ry (¢7)? Ry (t7)
Xexp {— [wba—FZw:',- (2v§-+1—aj) /2] it*}
J

172 Ry (&)

II 7
3 v +1/2 v
I (1-0222) " (1+b,m5)%
exp {—2; 8} (1-z;)/(1—a;)(1+b;25) }, (25)
where z; =exp (ia;w; t*), and

Rv;. (t)—:{ (l_b?e%a,jwjt) (1+bjeiajwjt)} J

v —k — —
XY AF(0)B]T (L L O L~ (0)/245(1) }(26)
k=0

with

Wha+ E wj (2v§+1—a]—)/2=
j
s [iSjx; +(2v}+1)b?a:?
> wja
ralle (1+b;z;)? (1—bj2.x12.)

_’ ’l);-bj.'lij + 1 R;;(t*) @7)
(+bjz;)  iwja; \ Ry (t) | [

For the single displaced-mode case, Eq. 25 reduces to

Wo(AEw)=(C/h)* (2m/w}) 8} &% [\ fam N; Ny ™ e™™s,
(28a)

where N; =wy, /wj; for the single distorted mode it re-
duces to

Wo(ABu)=(C/R)* (2m/2} ) {405/ (1+a;)?} "
x{(1-a3)/ (1)} (L+1/N;YN/2 [, (28b)

where Nj={wp,+w}(1—a;)/2}/w].

Using the Stirling approximation, n!=+/27tnn"e™",
which is in error by less than 2% for n>4, it is seen
that for large values of the energy gap (ws,) Egs. 28a
and 28b reduce to Eqs. 22 and 24, respectively.

Equations 28a and 28b may be brought into the en-
ergy gap law. The results are

Wo(AEsa)=(C/R)* {2 fuwnaws } )

Xexp {—% [ln (wba/w;- S;-e)] }, (29a)

and
WO(AEba)z(C/ﬁf{wefj/ﬂbaw;'} %exp {—%ln (‘—bj)},
(29b)

respectively, where 25, =wso +wj;(1—a;)/2 is the 0-0
energy gap, e is the base of the natural logarithm, and it
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is assumed that for large z, (1+1/z)*~e. We notice that
the energy dependence of the rate is mainly through
wpa/wj (for the displaced oscillator) or 2;, Jwj (for the
distorted oscillator) in the exponential.

2. Cumulant Expansion of Gy (t)

The cumulant expansion method has been applied to
calculated the band-shape functions®” and the electron-
transfer rate constants.??) It has been shown that to the
second order of the cumulants we have

Gy (t)=exp { (i/h)<I:Ia—fIb>y,t

+(i/h)? fo tdt’(t—t')<[7(0)(7(t')>y, } (30)
where ﬁ:(ﬁa—ffb)—(ﬂa—ﬁb)y,
and
U(t) = exp (iHyt/h) U(0)exp (—iHst/h). (31)

In a short-time approximation, Eq. 30 immediately
leads to the following expression for the nonradiative
rate constant:

1/2
Wy (AEse)=(C/R) (27rh2 /(172>v,)
X exp {— <—AEba+<f{a—fIb>m) 2/2<U2>u' }a
(32)
where

(%), ={(#a- H)> ~((f-m)),. @9

Applying the saddle-point approximation, Eq. 5 can
be written in terms of the cumulants as follows:

1/2
W,_,:(AEba):(C/h)2{2vrh2/<f](0)f](t*)>u'}
exp {(i/h) (—AEba+<I?a~I§Tb>v,) t*
. 2 & * 7y S
+(i/R) /O dt(t ——t)<U(0)U(t)>y,}, (34)
where the saddle-point t* is determined by
_AEba+<ﬁa~I§Ib>v,=~(i/h) /0 t*dt<fJ(O)(j(t)>y, (35)

To evaluate the cumulant (77 (0) U (t)),, we may make
use of the following well-known identiti;s:

(lelm)=(2’7)'l/2{ml/zén,m_1+(m+1)1/26n,m+1} (36a)
and

(nlQ*m)=(27)"{[m(m—1)"*8n,m—2
+(2m+1)8p,m+[(m+1)(m+2)]*6,m-+2 }. (36b)
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The results are

(ﬁa—ﬁ,,)y,:Z{aj (205+1) +a3 8 } (hw) (37)
and J

<I7(0)(“J(t)>y,=;{a§5; [(v5+1)e™ s +vjei]

+a3 [(vj+1) (vj+2) €™ +] (v;-—l)e‘z"“?’]}(hw;)z,

(38)

where a;=(a;>—1)/4. Substituting these results in
Eq. 30, we obtain

G«_»'(t)=eXP{Z[ A +1) 5% HeA +v,+1)]}
Xexp (Z{éj (iw;-t) +a§S§- [(U;'+1)eiw;t+v;e ;t}

+ %af[(vﬁl) (vj+2) 5" 4] (v 1) e~23"] })
(39)
where
8 =0} (1-af) S} +0; (1 —ay) (205 +1). (40)

If the molecule is initially vibrationless (i.e., v/=0),
Eq. 39 for the single-mode case reduces to the following
form:

Gg(t)zexp{( ats)— a3)+6 (zw]t)}
meJ{ (a3s5)™ /mj!}e’mf“ﬁ%:{ (3/2) ki /k,»!}ez““f“}t.
(a)
In this case Wo(AEy,) is given be
Wo(ABuo)=(C/R)* (25} Jexp (~aiS)— 507 )
X3 (ads;)™ T (o /2) ™t (N2 (42

where N;={ws, —[a;%(1—¢;%)8] +0;(1—0y)]}/wj.
particular, for the displaced oscillator

Wo(AEsa)=(C/h)* (2m/wf)e=%5 57 IN;1, (432)

and for the distorted oscillator

Wo(AEpa)=(C/h)* (2m/2w} ) e~ (aJ /2) (v j2)N.
(43b)

By introducing Egs. 37 and 38 into Eq. 34 we obtain
the following expression for the rate constant within the
cumulant-saddle-point approximation:

Wyr(AEba)z(C’/h)z{%r/Zw;? (0385 [ (vi+1) 25+

1/2
+a? [(v§'+1) (v; +2) z3+v) (1,; _1) xj—z]) }
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Xexp {——Z [a;S; (2'0;4—1)—!—%04] (vJ +’UJ+1)] }
7
Xexp {'—z’t* (Wba"'Zéjw;') +Z(a§.5’;- {(v}—l—l) :vj—f—v;wj_l]
J 7
—f%a? [(v;+1) (v;+2)x§+v;- (v;-—1)x;2]) } (44)

where z; =exp (iw}t*), and
wba—Z@w} =Za?5§w} [('u;—}—l) xj~v;~mj~1]
+1/2Zagw, [(v41) (vj+2) 23 —vj (vj=1)27]. (45)

For a smgle—mode and initially vibrationless molecule
(e.g., v/=0), Eq. 44 becomes

WO(AE;,,,):
1/2 —(Nj;+1/2
(C/R)? (1/w,){z7r/( {520k, ) Yoy ()
exp{ S' ——a]—{—aJS :L',+1a]:v]} (46)
where z; is now given by
z; = {—-a?S;- + (a?Sf +4aJZ-Nj)1/2} /203, (47)

and N;=(wpa —Sjw§) Jwj’. For displaced and distorted
oscillators, Eq. 46 reduces to

Wo(AEw)=(C/R)? (27r/w})S§-Nje_ ;/{ 27|'NjN;Vje~Nj }

(482)

and

Wo(ABoo)=(C/h)* (2m/205) (a3 /2) ™ "ee3/2
/{\/7T—J\G(Nj/2)N"’2e‘NJ’/2}, (48b)

respectively. Equations 48a and 48b should be com-
pared with Eqgs. 43a and 43b, respectively. These equa-~
tions are related to each other by the Stirling approx-
imation. Again, similar to Egs. 29a and 29b, Egs. 48a
and 48b may be brought into the energy-gap law. '

3. Summary and Numerical Analysis

In this communication we have developed a quantum-
mechanical formulation for the single vibronic-level de-
cay-rate constants. The assumption of energy equilibra-
tion in the initial vibronic manifold has been avoided in
this theory. We have explicitly included modifications
of both the vibrational frequencies and the coordinates
in our calculations. The derivations were made exactly,
resulting in Eq. 16, and perturbatively (using the sec-
ond-order cumulant expansion), resulting in Eq. 39.
The saddle-point approximation has been applied to
both Eqs. 16 and 39, resulting in Eqs. 25 and 44, re-
spectively. We call these four expressions exact, exact-
saddle, cumulant, and cumulant-saddle expressions for
the decay-rate constants, respectively.



3024 Bull. Chem. Soc. Jpn., 68, No. 11 (1995)

A nonradiative transition is a transition from the vi-
bronic state |bv’) to the vibronic state |av”), where

Eyy=E,;yn. Consider the case in which the potential
energy surfaces of the two electronic state undergo an

intersection in order to meet this requirement. At the
crossing point we may write

1/2Zw;-'2(Q;+d,-)2=AEba+1/2Zw;? 2. (49)
J J

The minimum crossing point on the initial potential-
energy surface subjected to restriction Eq. 49 may be
obtained by using the Lagrange-multiplier method. The
result is

Q; =2d;a3/ [(1+X) = ], (50)

where ) is the Lagrange multiplier. Inserting this ex-
pression into Eq. 49 yields

wha = Y Wi S7 [(1+ )2 = N%2] /[(1+X) = Aad],  (B1)

from which we can determine A and the position of the
minimum energy. It follows that

ce=wha+ Y wiSTAIN/ [(1+X) = xa}],  (52)
F]
2 2
2ln( fi/cw))
S=1,a=115,v=0
o £
ol . exact
. + exact-sad
-4+
..B b
—8 -

-10 L I . L L 1 L L s
2 3 4 6 6 7 8 ] 10 " 12

energy gap

2 2
In(h/c W)
2 2

S'=1,a~115,v=2
0 ==
ol . exact
+ exact-sad
_4—
_e-
-8}
-10 1 1 It 1 L L 1 1 I I 1 L L
2 38 4 5 6 7 8 9 10 M 12 18 14 15 18

energy gap
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where €. is the minimum energy.
For a single displaced-distorted mode Eq. 52 reduces
to

Ec=Wha+ [S"w"/(l—a2)2] {a— [1_wba (1—a2) /S"w"] 1/2}2’

(53)
which gives the following inequalities:
1/2 ’ 1/2
wba/w" - S" wba/w
> | —— > —=arr
a> ( e or a> P , (54)

in order that . to be a real quantity. Our calculations
show that the transition-rate constant drops rapidly if
the above inequalities do not hold among the parame-
ters.

The rate constant is modulated by a number
of parameters, including the excess vibrational en-
ergy, the electronic energy gap, and nuclear factors
(encompassing the displacements and/or distortions of
the potential energy surfaces). For a numerical com-
parison, various approximations have been made, and
to demonstrate how these parameters affect the rate
constant we have performed numerical calculations for a
single-mode system. The results are displayed in Figs. 1

2 2
In(h/cwW_ )
2

o S=1,a=115,v'=1
(1]
. exact
-2r + exact-sad
-4l
-8f
sk
P S S .

2 3 4 5 6 7 8 9 W M 122 13 14
energy gap

2 z
In(h/ewW_)
2 3

S'=1,a=115,vV'=3

. exact
+ exact-sad

-4+

-6}

-8l

-10 It 1 1 X L 1 It L L 1 - E—— L
23 4 & 6 7 8 9 10 M 12 13 14 15 1B

energy gap

Fig. 1. Plots of ln(%; W) versus electronic energy gap wpq/w’ for v'=0,1,2,3. The parameters used are S"'=1,

a=w" Jw'=1.15.



R. Islampour et al.

2 2
(h/cw )

0.14

. oum - sad

0.1214 gxact - sad

N

8'=2,gap~8,vV=0

0.1}
0.08 |-
0.06
0.04 -

0.02

° . . ) ;
08 086 09 096 1 106 11 116 12 126
distortion

2z 2
(h/ew )
04

. cum - sad

+ exact - sad §=2.9ap-8,v=2 +

0.3
0.2

0.1

° . . . \ . 1 ) .
08 086 09 095 1 106 11 116 12 126
distortion
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Fig. 2. Plots of %; W, versus the distortion a=w" /w’ for v'=0,1,2,3. The parameters used are S’'=2, electronic

energy gap wpg/w’' =8.

and 2

In Fig. 1 we compare the exact rate-constant expres-
sion with its saddle-point approximated form by plot-
ting ln(’c‘—: W,») versus the electronic energy (wp,/w’)
for v'=0,1,2,3. In Fig. 2 we compare the exact-sad-
dle and the cumulant-saddle expressions by displaying
(’c‘—: W,) versus the distortion, a=w" /w’, for the same
vibrational quantum numbers, v'=0,1,2,3.

An examination of Figs. 1 and 2 results in the follow-
ing observations: —Even for relatively large values of
the modifications between the two electronic states, the
agreement among the various approximations is quite
satisfactory. —The distortion of the potential-energy
surfaces may make an important contribution to the
rate constant. —The effect of excess vibrational en-
ergy on the rate constant is significant in the displaced-
distorted harmonic-oscillator system.

It is important to notice that the general theory of
nonradiative transitions developed in this paper should
be applicable to electron transfer (ET) and other elec-
tronic processes.

We wish to thank Professor S. H. Lin for encouraging
us to complete this work.

References

1) S. H. Lin, J. Chem. Phys., 44, 3759 (1966); S. H. Lin
and R. Bersohn, J. Chem. Phys., 48, 2732 (1968).

2) M. Bixon and J. Jortner, J. Chem. Phys., 48, 715
(1968); J. Chem. Phys., 50, 3284 (1969); J. Chem. Phys.,
50, 4061 (1969).

3) D. M. Burland and G. W. Robinson, J. Chem. Phys.,
51, 4548 (1969).

4) N. Shimakura, Y. Fujimura, and T. Nakajima, Theo-
ret. Chim. Acta, 37, 77 (1975).

5) Y. Mikami, K. Mizunga, and T. Nakajima, Chem.
Phys. Lett., 30, 373 (1975).

6) I H. Kuhn, D. F. Heller, and W. M. Gelbart, Chem.
Phys., 22, 435 (1977).

7) V. Lawetz, W. Siebrand , and G. Orlandi, Chem.
Phys. Lett., 16, 448 (1972).

8) V. A. Kovarskii, Fiz. Tverd. Tela, 4, 1636 (1962); V.
A. Kovarskii and E. P. Sinyavaskii, Fiz. Tverd. Tela, 4, 3202

(1962).

9) A. Nitzan and J. Jortner, J. Chem. Phys., 56, 3360
(1972).

10) K. F. Freed and S. H. Lin; Chem. Phys., 11, 409
(1975).

11) Y. Fujimura, H. Kono, and T. Nakajima, J. Chem.
Phys., 66, 199 (1976).



3026 Bull. Chem. Soc. Jpn., 68, No. 11 (1995)

12) W. Siebrand and M. Z. Zgierski, Chem. Phys. Lett.,
72, 411 (1980).

13) See for instance: R. Englman and J. Jortner, Mol.
Phys., 18, 145 (1970).

14) A. L. Sobolewski, Chem. Phys., 78, 265 (1983).

15) E. W. Schlag and H. V. Weyssenhoff, J. Chem. Phys.,
51, 2508 (1969).

16) A. D. Brailsford and T. Y. Chang, J. Chem. Phys.,
53, 3108 (1970).

17) D. F. Heller, K. F. Freed, and W. M. Gelbart, J.
Chem. Phys., 56, 2309 (1972).

18) E. W. Schlag, W. E. Henke, and S. H. Lin, Int. Rev.
Phys. Chem., 2, 1 (1982). :

19) O. Sneh, D. D. Kittenplon, and O. Cheshnovsky, J.
Chem. Phys., 91, 7331 (1989).

20) D. S. Tini, J. S. Baskin, and A. H. Zewail, Chem.

Phys. Lett., 155, 243 (1989).

21) S. Hirayama, F. Tanaka, and K. Shobatake, J. Chem.

Phys., 94, 1317 (1990).

22) O. Soeh and O. Cheshnovsky, J. Chem. Phys., 96,

8095 (1992).

Nonradiative Decay from o Single Vibronic State

23) M. Bixon, J. Jortner, and Y. Dothan, Mol. Phys., 17,
109 (1969).

24) J. Jortner, in “Radiationless Processes,” ed by B.
Dibartolo, Plenum Press, New York (1980).

25) R. Kubo and Y. Toyozawa, Prog. Theor. Phys., 13,
160 (1955).

26) J. J. Markham, Rev. Mod. Phys., 31, 956 (1959).

27) H. Bochholz, “The Confluent Hypergeometric Func-
tions,” Springer, New York (1969).

28) I S. Gradshteyn and I. M. Ryzhik, “Tables of Inte-
grals, Series, and Products,” Corrected and Enlarged Edi-
tion, Academic Press, New York (1980).

29) M. Hayashi, R. Islampour, and S. H. Lin, Chem. Phys.
Lett., 213, 465 (1993).

30) R. Islampour, Chem. Phys., 133, 425 (1989); R.
Islampour and S. H. Lin, Trends Chem. Phys., 1, 249 (1991).

31) R. Islampour and S. H. Lin, Chem. Phys. Lett., 179,
147 (1991); J. Phys. Chem., 95, 10261 (1991); R. Islampour,
R. G. Alden, G. Y. C. Wy, and S. H. Lin, J. Phys. Chem.,
97, 6793 (1993).




