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The Excess Energy Dependence of the Nonradiative Rate

Influence of the non-Condon Effect in CgHg and CgDg
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ABSTRACT

Nonradiative rate calculations were made in the non- Condon scheme for the
internal conversion transition S; ~~> Sy in benzene and deuterobenzene. Single vi-
bronic level rate and communicating states rate calculations show the non-Condon
effect on the Sy excess energy dependence. Furthermore, a generating function for-
malism is developed which allows non-radiative transitions to be described in a

coupled three level scheme model.
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Kurzfassung:

In dieser Arbeit werden nichstrahlende Raten unter Anwendung des nicht-
Condon Konzepts berechnet. Basierend auf der Brillouin- Wigner Stérungstheorie
wird die Rate fiir ein Zweizustandssystem hergeleitet und die zur Vereinfachung
notwendigen Naherungen diskutiert. Fiir die interne Konversion in Benzol und
in deuteriertem Benzol untersuchten wir die Uberschussenergieabhangigkeit im

angeregten elektronischen Singulett-Zustand Sj.

Es werden nichtstrahlende Raten sowohl durch Berechnung des Zerfalls einzel-
ner diskreter vibronischer Niveaus ermittelt als auch durch Bestimmung des Zer-
falls aus kommunizierenden Zustanden d. h. aus einem Ensemble isoenergetischer

Zustiande, die gemiss der kanonischen Verteilung statistisch gewichtet sind.
Diese Rechnungen sind als Ergdnzung zu den Arbeiten

a) Influence of “bath” modes on the non-Condon effect (C. P. L. 143 (1988)
284),

und

b) Nonradiative transitions in benzene. III Influence of the non-Condon effect

on the excess energy dependence of the rate.

aufzufassen. Zwar zeigen die non-Condon Effekte fiir alle Moden, die jeweils im
non-Condon Schema behandelt werden, gegeniiber fritheren Arbeiten, die Faktoren
zwischen 100 und 1000 ergaben, einen wesentlich kleineren Faktor von etwa 2-5.
Andererseits findet man eine modenspezifisch stark unterschiedliche Anderung des
non-Condon zu Condon Ratenverhaltnisses, wenn die Uberschussenergie variiert

wird. Die deshalb detailliert in den jeweiligen Tabellen aufgefihrten Ergebnisse



zeigen offensichtlich nichttriviale Unterschiede.

Weiterhin werden in dieser Arbeit auch die Rate fiir ein elektronisches Drei-

zustands-modell hergeleitet. Zugrunde liegt die Vorstellung eines nichtstrahlenden

Zerfalls

a) aus dem S, wenn dieser an einen héheren Zustand Sy koppelt. Insbesondere
interessiert die Kopplung an den elektronischen Zustand mit der Symmetrie Ag,

, wobei die koppelnde Mode die out-of-plane Schwingung vy ist.
b) aus dem S wenn dieser an einen Triplett-zustand gekoppelt ist.
¢) aus dem Ty wenn dieser an hohere Tripletts ankoppelt.

Dazu werden die entsprechenden erzeugenden Funktionen fiir harmonische Os-
zillatoren hergeleitet bei der die vibronischen Ausgangszustinde zu verschiedenen

elektronischen Zustanden gehéren.

Schliesslich wurde, um das unterschiedliche Verhalten der Raten in der Con-
don und nicht-Condon Niherung zu erkliren, die Abhéangigkeit der einzelnen, die
Rate bestimmenden Terme, von dem Sattelpunktsparameter 7 untersucht. Hierzu
gehoren die Zustandssumme, deren Ableitung , der Mittelwert def Energie und

deren zweite Ableitung, das mittlere Schwankungsquadrat der Energie.



1. Introduction

Theoretical explanations of polyatomic molecular spectra often fail if one starts
from a Condon approximation scheme. Especially nonradiative rates of aromatic
molecules were unpredictable with respect to either the absolute values of the rates
or to the variation of the rates with increasing excess energy in the excited states1™®
. Many investigators have therefore assumed that the experimental effects have to
be explained by introducing a non-Condon scheme in the theoretical description

of the nonradiative decay’ %2 .

In particular, it was attempted to interpret the so-called “channel-three” phe-
nomenon in benzene by a non-Condon effect. This is a known general property in
aromatic molecules which takes the form of a sharp increase of the nonradiative
rates at higher excess energies and a simultaneous diffuseness of the absorption

and emission spectra by a non-Condon effect?3-35

The résumé of these theoretical works is that the non-Condon model may lead
to nonradiative rates from the Sy state of benzene which are about two to three

orders of magnitude higher than those in the Condon scheme’9.

On the other hand, one finds that the deviations of the experimental results
and these calculations were still unsatisfactory. In these rate calculations the pure
electronic matrix element taken at an equilibrium nuclear position is supposed to

2
be eré. ~ 10% in benzene.

Therefore more elaborate theoretical models were sought*¢~4%. While most of
these treatments are based on a two electronic state model very recently a third
electronic state was introduced by Sobolewski et al.44:4% to explain the experimen-

tal phenomena.



Therfore also in this work the non-Condon formalism is extended to a three
electronic states model. As in recent work?® one applies the communicating states
model of Fischer and Schlag?’ and Fischer and Metz%8. It is especially of some
interest if the channel-three mechanism which was suggested to be correlated with

49-52

the out-of-plane modes, especially with the v4 mode receives new aspects by

the introduction of the non-Condon scheme.

In a further study it is investigated whether nuclear potential crossing of the
totally symmetric CH (CD)- stretch vibration as releasing mechanism for strong
nonradiative decay?! is operative in benzene and deuterobenzene. This treatment
is extended to cases beyond harmonic approximations by introducing Morse po-

‘tentials or a local mode concept.

The following includes also supplementary results to Ref.46. The few examples
of non-Condon rate calculations presented in that work*® might possibly lead
to the objection that the results are mainly due to the special selection of the
modes treated in the non-Condon scheme. Therefore a more profound study of
the mechanism which most probably give rise to the new non-Condon results

should be joined.

Similar as in Ref.%® one treats only one single mode within the non-Condon
scheme, whereas the influence of all the other modes on the non-Condon terms
is supposed to be negligible. However, the inclusion of all modes preserves the
statistical limit condition which underlies the rate calculation by the saddle point
method1:%3. The derivation of the nonradiative rate expressions is based on models
involving two or three electronic states, harmonic normal modes and linear vibronic

coupling.



II. The two- and three-electronic-state model

In this section an expression for the nonradiative rates is presented in terms
of the corresponding generating function in the non-Condon scheme. For higher
energy gaps and in the weak coupling case one can start from the Brillouin-Wigner
perturbation theory to describe the wave functions and the energies 24781, This
perturbation theory is characterized so that it derives the wave functions and ABO
energies in reciprocal differences of implicit ABO energies and of energies defined

at an equilibrium normal coordinate position (zero-order energies) :

i (r, Q) >=N;(Q) >_ Res(q)=E,(Q) < ©s(rQo)|R((Q))]w:(r,Q0) >
{f}

lo(r, Qo) >
(2.1)

The resolvent R(¢(Q)) and the normalization N;(Q) are of the forms

- |
NI(Q) = [< ‘Pi(r, QOH()O'L'(ra Q) >J oy, (23)
Res are the residues at ¢(Q) = F;(Q) , and
U= U(I‘, Q) - U(l‘, QO) ’ (2'4)
where U(r, Q) is the potential, and the zeroth-order solution is obtained by

Ho |;(r, Qo) >= E;(Qo)|¥i(r, Qo) > , (2.5)

Hy =Ty + Ulr,Qo) , (2.6)

where T} is the operator of the electronic kinetic energy.

In a model system which assumes a finite number of states the infinite terms

in BEgs. (2.1) - (2.3) can be given in closed form if it is assumed that zeros of the



denominators in Eq. (2.2) can be excluded. The adiabatic wave functions for the

three-level system in the most general case, where all states are coupled with one

another, are obtained as follows:

|995(r,Q) >:N5(Q) {|902 B

<Y

0]e) > [E:(Q) - Ex(Q)]

< +
[{ES(Q) - EL(Q)] [Bs(Q) - B(Q)] - < 0|0 >

< pJ

) U] f >< of 0] >

[Bo(Q) - B(Q)] [Bo(Q) - E(Q) - |< 0 [0] ] >["
x |eg >+ (2.7)
[ 0|¢f > [E(Q) - Bx(Q))

[Bo(Q) = By(Q)] [B:(Q) - Ei(Q)] - |< ¢ [O] ] >

< 8

< oY

Ultpg = <(,0215’|S0?>
B4(Q) ~ E(QIE:(Q) - Ei(Q)] - |< o} 0] 0] >°

x\go?>} ;

where s, k, | have to be replaced by f, i, j and cyclical permutations. Subscript j

denotes the second excited electronic state.

A considerable simplification can be obtained if one assumes Vs =~ 0, which
means that the coupling of the higher excited electronic state to the ground state
can be neglected. The expression for the wave functions (Eq.(2.7)) is still too
complicated for direct evaluation of the rate. More elaborate approximations for
the special model situations should therefore be introduced. In the case of benzene
or deuterobenzene, for example, a coupling of the S; and the A5, states, where
the coupling mode is the v4, should be of some interest. For these molecules it

can be additionally assumed that

| <l |0} >/ [Ef(Q) - Bi(Q)] <1 A8 >1 . (2.8)

|



Equation (2.7) may then be simplified to

< 9 lif! o) >
EI(Q) - EG(Q)
6" ©? >

Pg > +

o1 Q) >=N(Q) {|so? >

| <} |0]? > < ? , WO}
£(Q) - 5(Q) [BQ) - E(@] 7+

For the self-consistency relation one finds

E;(Q) + Ei(Q) + Ef(Q) = E;(Q) + E,(Q) + Ef(Q) (2.10)
where the adiabatic energies are derived from the eigenvalue equation
(A -EQ) I]=0 . (2.11)

H is of the form (< go?, |U' tp? > is abbreviated to Vj‘fz)

=1+ |V BV (2.12)
i Vi B

In the special case of a two-level system one obtains”%7

<t
E;(Q) - E4(Q)

0l7rr A0
< \U|lps >
(}>+-ft ‘4f I(IO:,>

0 >| N(Q) ,

loi(r, Q) > = |lef > +
- (2.13)

ler(r,Q) > = |lp

(2.14)

< 10]t >

E;(Q) - Ef(Q.) ’
where E; (Q) are the adiabatic and E; Q) the zeroth-order nuclear potentials,
and cpl-,)r(r, Qo) is abbreviated to tp?,f. As can easily be seen from Egs.(2.13)-(2.15)

(2:15)

E;(Q) = E(Q) +



in the Brillouin-Wigner perturbation scheme, the wave functions and the normal-
ization N; r(Q) are functions of all normal coordinates. An analysis of Eq.(2.13)
shows that whenever crossings of the potential energies in the denominator occur
this ansatz breaks down. However, in general this should be an artificial effect.
The exact potential, which is only known in a few cases , e.g. for very small
molecules with few electrons, should also approach zero so that one has a remov-
able discontinuity. For polyatomic molecules and in the weak coupling case it is
assumed that in the perturbation treatment U (Eq.(2.4)) can be approximated by

linear terms of the normal coordinates:

U U= 3 adidit)] Qk - (2.16)
k 0Qy Qe=qQ%

It is obvious from Eq.(2.15) that the adiabatic potentials lead in general to a system
of N-dimensional coupled differential equations for the nuclear wave functions and

energy eigenvalues:

[TN + Ei,j{Q)] 14; AQ) >= ¢ ;A AQ) > (2.17)
where T is the nuclear kinetic energy operator T = __% Zﬁ:l 5%27 In nonradiative
k

transition processes these couplings may lead to enormous effects because very high

quantum numbers are involved. Especially these couplings may be the apparatus

»5,44,62-64

by which energy can “communicate The quantum system of coupled

oscillators, particularly with regard to the classical quantum correspondence and
possible manifestations of the onset of classical chaos in quantum level spectra
and dynamics, has been investigated by Noid et al.’4, Rice%®, Ezra% and many

58,67-70 " 1t is obvious that these questions have immediate relevance to

162

others
theories of intramolecular energy flow. Also very close to this question, Ama

investigated the effective harmonic potentials and the effective normal coordinates.

To obtain a decoupling in Eq.(2.17) one derives the adiabatic potentials E; (Q)
at Q = 0 to second order. Thus all zero- order potentials E; {Q) and approxi-
mated adiabatic potentials E:f(Q) are equal, with the exception of the ” promoting

mode” . This is true as long as only the derivatives of U(r, Q) with respect to the



” * »” .
promoting mode” @, are regarded as non-zero:

<o} [0]et >]

2
RQ-Ea@| %

E ;(Qp) = E; 1(Qp) =
Q-0

10



[1I. The decay rate expression

Decay theories of coupled unstable states have been a matter of serious concern

in recent years’1"7®, The nonradiative decay rate is expressed by

kny = 27 > [VidQ)*s(E; - B)) . (3.1)
{5}
According to Eq.(2.9) one obtains for a three-level system
Vis(Q) =< 44Q) L ()] A4Q) > (32)
LD W) = < os(r, Q) [Ty, s (r,Q) >] =
N Tn, L
f(Q){[ o E(Q) — E4(Q) i
< cp? Ulc,o(} > e
I [ I
E@ - B@ L™ M@+ (3.3
<<p? U\ >< 09 U'tp? >

For the internal conversion decay in a two-level model ViAQ) is of the form

V. ()Ia() s

)

7(Q) = < ALQ) |L
= %" iy AAQ r.Q
> k{< A Jl[wf( )' e

A(Q) >}

d
PilnQ) > Fo-+ (3.4)

2

Q3%

¥y (I‘, Q) >

<99f(raQ)|

[SC R

11



Inserting ©; f(r,Q) and E; {(Q) from Egs.(2.13)-(2.15), one obtains

<@?1U1p?> i ] 3

Lijw)=->_ wka(Q){ i

k 3Qk | E;(Q) - Ef(Q) AQy
<20le%> 5 3
S (D I o M N, -
E¢(Q) - E4(Q) 9Qk IN:(Q) Q% (3.5)
1 & <¢(}|U‘<p?> N(Q)| + |
2 0Q% | E(Q) - Ef(Q)
1 <0 |0]e% > 2
= # N-
25,(Q) ~ B(Q) 007 (@1}

The derivatives in Eq.(3.5) must act only on the expressions in square brackets.

For the actual calculation of the nonradiative rates one uses the generating
function formalism relating to knr of Eq.(3.1) . This can be obtained by taking
the Fourier transform of the é-function :

;Llf [7 Ly . (3.6)

knr =
In the general case L;;(t) is a function f(L;f(t)), where f depends on the

special model chosen:

Lf(t) —i A‘i e—iH;'t/h L1f(w) e’int/fL L;‘f(w) AJ' > (37)

T

where I;Iz- and ﬁf are the corresponding Hamilton operators for the initial state i
and final state f and L,s(w) is obtained from L;s(w) when i is exchanged with j.

The time integration in Eq.(3.6) is performed by the saddle-point approximation”.

After some mathematical transformations and approximations of the gener-
ating function JLz-f(t)"r7 one gets for the two-electronic-state model the following

expression as a function of the saddle point parameter 7:

Z(Tl -

k== y 2m—
[< B2(r) > = < h(r) >

(3.8)

23—

12



If anharmonic mode mixing etc. are excluded, the following definite equations are
obtained for Z(7),< h(r) > and < h%(7) > as functions of N single vibrational
product terms Zi(7), < h(r) > and < h2(r) >:

N —~AE T
Lhr) s ST} EEPN ——]
=11 20 eon(~5)
AE = E? - Ef} : (3.9)
%l AE
<h(r) >= > < hg(r) > =} (3.10)
k=1
N
<hYr)>=> <hi(r)> , (3.11)
k=1

where k refers to the k-th vibration. The generating function L;(t) (Eq.(3.7))
yields

Zi(r) =< AlePBe e Hik 7B L () eHre TE LY () e BB 1 > L (3.12)

Pk, P and [Xk, A denote the momentum operators and the displacements of the
potential surfaces, respectively. To simplify, the tilde and the hook are introduced
as substitution for subscripts i and j, respectively, whereas subscript f is dropped.
In the next section and Appendix B for the terms occurring in Z;(r) and in the

2
partial derivatives %"—Tm and 2 Z:‘ ") closed-form expressions are derived:

a
- In Zk.(’f)
<hp(r) >= —5 (3.13)
3% 1n Zy (1)
2 k
< hg(r) >= 3.2 (3.14)

13



IV. Calculation procedure

In this work the energy denominator of the non-Condon formalism will actually
be treated one-dimensionally, while multidimensional examples will be presented

in forthcoming publications78 .

A multidimensional crossing point will lead to a non-removable discontinuity
and cannot be treated exactly in the adiabatic approximation. In this case more
elaborate formalisms of Heider and Fischer?? , Child and Halonen”® and many

others8%:8! have to be applied.

For calculating non-Condon rates according to Eq.(3.6) one has to evaluate a

non-Condon propagator of the following structure (harmonic potentials) :

& 1 1
Tonm=<h | ¢ it —ins> (4.1)
; 7

where &; ; is the difference of the adiabatic energy E(w, Q) or of the approximate

adiabatic energy and the zero-order energies E(w,Q):

‘S‘i,j :E'i,j(st) - Ef(waQ) =
(4.2)

N
2
AE + = Y [wg j:k(Qi gk — Digik) —w; xQF
k=1

| =

where henceforth the tilde and hook refer to first and second excited electronic
state terms. For harmonic and displaced potentials the &; ; are of the form (in the
following only the terms for §; are expanded; {; terms are structurally identical;
thus only the tilde has to be replaced by the hook to find the corresponding §;
expression.)

- 560 + §0Q? (4.3)



If crossing points occur, then 1/5 can be rewritten :

15 1 l 1 B 1
e " Al [ #km |36:-30 40;-40]
€ | 1- 448 Q1 -9Q Q2 - AQ
~ 1. ., 46AE (4.4)
iy ]
Q1,2 5% |7 - ]
o 46AE'
s i 0 .
w
Furthermore, one uses the identity
1 1 440
~~:P —y..——zlg-/oo Ez(y’}’Q)t dt, (45)
y—3Q Ak R 0

where P means the principal value. To evaluate Z(r) in Eq.(3.12), it is very
convenient to introduce the creation and annihilation operators b,b7 and 5,5"’ ;

b, bt for the ground and excited states :

1 . L T
=== (b+b%) , Q=—72(b+b"), Q@=y=Q,
Q== b+b) . G-z (b+8Y) , Q=24
" 1 [
= (b5 S
Q=7 0+67) Q== @,
0 1 a 1 -
_— = :ﬁ—b—b+ N — — ~:‘"——b_b+ 3
55 P =l ) 56 P 2( )
lo)
il = (B
oQ 2
and the relations
b=ab—Bbt , bt =abt - Gb
. wHw s W w
a = , = , 4.6
2V ww d 2Vww (4.6)
where w, @ and & are the corresponding frequencies.
If no crossing points occur, Eq.(4.1) can be written (5 # 0)
: @ (:x F\* BAE' 32
==16Q— = =¥ = 7
§=s (Q 2) il ; (4.7)

15



Applying Laplace transformation®?, one obtains

ol [T R
L 0 ’

3 SAE' A2

K = f.:? ——4— ¥ (48)

To calculate the rate according to Eq.(3.6), one has to evaluate the following

terms which are valid for the one-dimensional distorted and/or displaced harmonic

oscillator cases.

One has to distinguish between several cases with respect to whether the po-

tentials have crossing points with each other or not. The main cases from which

all the others can be derived are developed below.

A) Crossings of the Sy with the S; and Sz nuclear potentials

4) terms of the following form are derived when, for

From Egs.(3.12) and (4
example, E,(©, Q) or E;(, Q) crosses E¢(w, Q) ( the subscripts for the k-th mode

are omitted):

g @ (4.9)
N (01,61 - W(Q1,Q2) - W(Q2: Q1) + W(C2 Q)]
W(@UBQU') -
< -3 IPHA___T'L,. ﬁf T/h . 1 ewiﬁA f>=
Qs — G "YQG' - 5Q
/ dt; / dty | W(t1,t2) — W(t1, —t2) — W(-t1,t2) + W(-t1,-13)] ,
~ ' 3
N1:4|i(~2—4—§TAE) ()72_45?12)} ’ (4'10)
w w



W(tl,tZ) - e'—?:'?(QU—A) t] e_iﬁ(oﬂ’_ﬂ) t2 W(tl,tZ) ; (4.11)
a,o’ = {85 ,
W (tq,13) =< nle'PA ¢1@4 eHir/h g1Qty —ipd > . (4.12)

To evaluate W (t1,¢5), the well-known disentangle rules have to be applied. The
strategy is to express all operators in terms of bt and b where b is transposed to
the left and b to the right, both acting as annihilation operators. For this purpose a
series of operator relations have to be introduced. It is useful to present Eq.(4.12)

in a slightly different form:

Wt1,t2) = p1 Uz a(t1,t2) »

ei'TAtl [_} ez’ﬁr&tg

v

Uz w(t1,t2) =<7 n>
. (4.13)
0 = B Hyr/h g—iph
1 = ezp [i (A’ytl + A"ytz)]
The following operator relations are necessary to disentangle Eq.(4.13):
wit
—wtbth [ ) swtbte _ [ €° D
e (b+) e s (e—iwt o) (4.14)

07 (0) (;l) 0(t) = (ﬁ ’, i) (f+) ! (G) ’ =

) : (4.16)

b+ Bet - G) (4.17)

Ut == (c* - Bb-G) U(t) , (4.18)

17



e® eﬁ = eﬁ € !i Ql . (4-19)

A,E,B,B,G,é,é are given in Appendix B. These operator relations now allow
Us, #(t1,t2) in Eq.(4.13) to be evaluated:

i t b ~ t B+ 3 _xg E
U n(tiste) = w2 <n 67”11 ek 1 \ vt Sitab| |
~9 .2
T8 T2
=eEp i~ | - 4.20
o ezp[““} (4.20)
t1b+
By means of the relation in Eq.(4.17) the exponential operator eT on
the left of U is transposed to the right:
~ J.*-t 5+ ~ t B B +—C
U alt1,te) =paps <#levi + |0 itk (b1t =€)
i 5ty L(ct-Bb-G) -tab
« Vi 4l L PR (4.21)
i o G i " a
Y L. R S " Wil B
3 p \/5'7 lA \/é 2A
s £ B"" ~ i At B .+ _‘t,’ms
Ui a(t1,t2) = p1po20304 <7 eV | U l vz AS VA
i Bty + --J_jiz i
eViA® ¢ VIA Hi e\/i)?tzb n> (4.22)
= L ~2:2 , Bx242
Y (-B3*1 + B 12)]
Ordering the exponential operators in Eq.(4.22), one obtains
bt s i1 (3Bty+4tg)cT
Uz n(t1,t2) =p <7 va 1 |U‘ vz 4 1Bttt
i d e -
P ot [3t1+4t2(— B+A4)]b 5
(4.23)
P =P192P3P4P5
?
5 =€ ;Atltz

18



Transforming the exponential term with ¢ to the left finally yields:

U alt1,t2) = < ﬁ| Vb7 () b

n> (4.24)

:ﬁ [:ytl — ’VW/(B — ﬁ)tz] .
T (4.25)
vzﬁﬁ[ﬂA+3h+Wﬂ

Applying the exponential operators in Eq.(4.24) to the left and right, one finally

obtains the result

7 i s,,T Ay
vu i n.n.
Uﬁ,r“a(tlstZ] =% Z Z £ \/(ﬁ — Uﬁ.—s,ﬂ—r =

5
xviu Us_on o »

The terms Uz _s -, are derived in Appendix B, while the double integration is

performed in Appendix C of Ref.46

B) Case of no nuclear potential crossing

For the case where, for example, the nuclear potentials Ei(tf),@) and E;(w, Q)

do not cross Ef(w,Q), it follows from Eqgs.(3.12) and (4.7) that

66
ADROR

oo e ! ! / g
X [, o G [W (t1,t2) + Wi(t1, —t2) + W(—t1,t2) + W(—ty, —tz)]

% E_Etl —Kiog
(4.27)

W'(z,y) = 8—5(5/2—55):5 e 1(1/2-64)y W'(z,y,6,6) , (4.28)
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where W’(z,y,g,S) means evaluating W (z,y) of Eq.(4.12) when 4,% is replaced
by 5,5

C) Mixed case

It is assumed, for example, that E;(w, Q) crosses E;(w,Q) while E;(©, Q) does

not. For this model one thus obtains

<] A L GHy/h % e~ Ph |"’L 2=l [W(él) —W(éz)] :
Ny - 5 | (4.29)
4Ry /52 — 400F
@
where

W@ =M [ [ dta [W(@atrta) =W (G, -ty 2] -

I, ~ | o~
W (Qaatla—tQ) + W [Qﬂ'a_tls—t:!)

and
W’(éaatl,tz) e e—i%(Qg*A)tl e—k’tz

_ , (4.31)
x et 1/2=88)0 W' (4, 1, 5,8)

where W'(tl,tg,ﬁr,S) means evaluationg W(z,y) of Eq.(4.12) when % is re-
placed by 6.
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V. Results

As a first point the problem of crossed potential surfaces is investigated for the
vy modes of benzene and deuterobenzene. There then follows an investigation of
the statistical weights of matrix elements and their various influences on the rates
in the Condon and non-Condon schemes. Finally, for benzene and deuterobenzene
calculations of the non-Condon rates for a two-electronic-level system are presented
as a supplement to Ref.46. Rates following from the Condon approximation case
are compared with results obtained when the matrix elements of certain modes

are replaced by the relevant non-Condon terms.

A) Crossing points of the v vibration

To obtain an expression accessible to calculations, one introduces the following
approximations for Eqs. (2.13-2.15) . For vibrations with higher wave numbers
in the upper electronic state, especially the “promoting” mode vy4 and the CH-
stretch mode vy, the square root is expanded in normal coordinates up to second
order. If one calculates the one-dimensional non-Condon problem for modes where
the upper frequencies are lower than those of the ground state (especially the vy),
the coupling term < cp?r II:T’ go? > is neglected because it is very small in the case
of benzene. In both cases all the remaining modes are neglected as in hitherto
known investigations. However, if one mode accepts a considerable amount of
the energy, this approximation will break down since the zeros in the square root
expression of Eq.(2.15) play a decisive part, and a still more elaborate formalism
should be introduced3®41:42,83-85  There are, however, many ways of avoiding the

crossing points of a harmonic concept, e.g. Morse oscillator potentials, the local
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mode picture or strong coupling effects at higher occupation numbers, which lead
to a breakdown of the single vibration harmonic mode concept. Strong coupling
effects in Eq.(2.15) , at least between the vy, 14 and the promoting mode vy4 ,
should therefore be expected, these resulting in probably strong, non-harmonic
wave equations. In addition, if the S; state frequency is lower than that for the
Sp, this being identical with the condition for crossing points, as is the case for the
v4 vibration, the decoupling problem leading to separate eigenvalue problems for

the vibrations in the S and Sy electronic states has to be re-examined?1,38:3%81,

A S; ~~> Sy rate calculation for benzene with a harmonic basis set shows a
nascent energy redistribution in Sy where no mode receives more than 20% of the
energy. The approximations so far are therefore expected to be of the necessary
quality. However, it should be mentioned that this may no longer be the case if
one introduces the Morse oscillator potentials in the vy and/or v, mode for single
vibronic level excitations or for communicating states rate calculations. In the
Jatter, at higher excess energies about 80% of the energy is accepted by the vy
out-of-plane mode, which has the lowest potential crossing points of all modes. In
benzene many authors have, for example, introduced non-diagonal terms in the
kinetic energy operator (]ocaj modes) 286789 or nondiagonal terms in the potential
energy operator79 and anharmonic diagonal potentialsszﬂg. Effects of the cross-
ing points are therefore widely artificial mathematical effects existing only in a
non-Condon scheme of harmonic basis sets . When the rates are calculated with
a generating function formalism, matrix elements with very high occupation num-
bers are used quite far above the crossing points. However, with complete basis
sets their influence is obviously extremely damped. One may generally suppose
that the local mode idea also in the case of all out-of-plane modes is such an exam-

ple. The local mode picture of the CH-stretch modes impressively demonstrates

this situation.

The problem of crossing points in the energy denominator should now be
investigated more closely. Many authors have argued that crossings of the hyper-
surfaces are mainly responsible for a huge non-Condon effect and nonradiative rate

increase, and in the case of benzene especially those along the CH-stretch mode v
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and the promoting modes are of decisive importance”®. However, for the known
parameters along these modes no crossings occur at all in benzene. This is obvious
for the vq4 vibration, where the S; frequency w‘ls,il = 1563 ¢m ™1 is much higher
than that of the ground state wff = 1310 em~ ! . The conditions for a crossing
of the potential curves of the modes of the S; and S; states with displacement
A = A can be derived from the condition AE + E,(Q — A) = E;(Q) 7.

As is discussed in Appendix A, no crossing points occur for harmonic and
Morse oscillator potentials and the parameters taken from the v mode in benzene.
It might therefore be concluded that for all these models contributions of the
crossing points to the non-Condon effect cannot reasonably be expected; so to
speak, the experimental parameters known at present for benzene do not suggest

such a possibility.

B) Saddle point parameter and statistical weight of the matrix elements

If one starts to calculate the rates, the matrix elements enter the saddle point
equations (see Egs.(3.8)-(3.14)) in a very complex manner. It is thus very difficult
to predict whether the matrix elements with high occupation numbers and strong
non-Condon factors or the lower ones and weak non-Condon terms dominate the

process.

Therefore first of all the non-Condon effect on the matrix elements is demon-
strated in Tab.(1). The quotients of non-Condon and Condon matrix elements for
transitions from the zeroth initial level to certain final levels < m| is calculated
for the 1,9 and v4 for the S; ~~> Sy transition in benzene. It is evident that for

all modes considered the non-Condon effect increases with higher final occupation
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numbers. Strong distortions obviously lead to a huge non-Condon effect already
for low values of the final occupation numbers, as seen for the v4 vibration. The
non-Condon factor is considerably higher than for the vy and v modes. How-
ever, for higher final occupation numbers ( at comparable resonance energies, e.g.
mq =~ 30 , mg ~ 10 and my4 ~ 40) an almost equally strong effect ~ 3 — 4 x 102
is adjusted for all modes, while the increase for the total symmetric modes is

demonstrated to be much stronger.

One has to take into account that the saddle point rate equation is gener-
ally governed by “non-resonant” matrix elements in contrast to rate equations
based on counting algorithms. The small effect of the non-Condon terms on
the rates is therefore largely achieved through the different values of the saddle
point parameters. These are numerically found from Eq.(3.10). Indeed the values
for 7, e.g. at AE = 38086cm ™! in the single mode (7,0 = 1.310652 x 1073
y T = 1.511738 X 1073), and complete basis set (7,0 = 1.291708 x 1073,
7o = 1.392351 x 10 %) calculations are very different. As for both calculations the
same non-Condon (Condon) matrix elements enter the calculations, these different
7 cause different weighting factors and thus lead to various non-Condon factors.
To get an impression of this dependence in Tab.(2), the rates, Z(7), < h(r) >
and < h2%(r) > for one mode and complete basis sets in the Condon and non-
Condon cases are calculated for different values of the parameter 7 . It is obvious
from Tab.(2) that after introduction of the non-Condon terms the different vari-
ables show a dependence on 7 which is orders of magnitude higher in the observed

parameter region than in the Condon case.

Whether the “resonance” or “non-resonance” case prevails was considered to
be an important question?®. The answer decides between the “resonance” and
“stochastic” type non-Condon effect. The “stochastic” effect leads to a damping of
the non-Condon effect caused by the remaining modes (“bath” modes). Therefore
in the following for the v mode the percentage contributions that the square of the
matrix elements with different quantum numbers make to the partition function
Z(7), the mean value of the vibrational energy < hy(7) > and the fluctuation

of the vibrational energy < h%(r) > for the single-mode and complete basis set
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cases are investigated. Because of the completeness relation relation one has in
principle to sum over an infinite final basis set. However, actually the summation
can be truncated at finite quantum numbers ( here for the v mode the maximum
final quantum numbers is chossen to be ny .., = 30) to yield sufficient exact
results. The partition function and its first and second derivatives are composed

of following terms:
Zlr] =8y elor—@)r/2 ,

Sy

< h(7) >:S1 + (w; —wy)/2 (5.1)
2 S3 Sy\?
<#>-2-(2)
nf maz 2
S1= ), |<ngo>|" et
nf=0
Nf maz 9
Sp= ) [<nfl0>| ngwp e, (5.2)
nf=0
nf maz 9
Sy = ZO <ngsl0> (nfwf) e"sesT
nf=

The percentage contribution of Si(n¢),Sa(ny) and S3(ny) to S1,52 and S3
for the single-mode and complete basis set cases is given in Tab.(3). Obviously
the “resonance” matrix elements are of little influence in both cases. Thus in non-
Condon rate calculations which employ the saddle-point approximation dominate
the large “non-resonance” matrix elements. Only about 5% is contributed to the
three variables Z(7),< h(r) > and < h?(r) > from matrix elements lying in the
energy range defined by €5 = ¢; £ 9000¢m L. Z(r) consists to more than 50% of

contributions from matrix elements with quantum numbers < 5.

As a consequence the small non-Condon effect obtained with complete ba-
sis sets are mainly due to the stochastic redistribution of the energy induced by
the “bath” modes. This has also important consequences for the remaining non-

Condon theories. As in these theories the non-Condon matrix elements are often
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lower than those obtained in this work the non-Condon effect must be similarly

damped if complete basis sets are employed.

C) Calculation of non-radiative rates

A more detailed discussion of the rate calculation is given in Ref.46. While
that publication only presents a few examples of special modes, supplementary
calculations are given here. While one can find as a gross feature a non-Condon
effect which is less than a factor &~ 3 for all calculations with highly different
examples, the fine structure shows essential deviations with respect to the special

mode treated within a non-Condon scheme.

a) Influence of energy gap variation on the rate

In Tab.(4) one-mode rate calculations are investigated. The rate is given as a
function of the S; ~~> S energy gap. Data for the modes are taken from the v
and vy of CgHg . The result for the v mode in benzene is found to be identical to
that given by Nitzan and Jortner’ when equal frequencies in the initial and final

states are assumed.

In Tab.(5) and (6) the corresponding result for the vy vibration is given when
a complete basis set is used. Additionally, the energy redistribution for the main
acceptors was investigated. Modes which accept fewer than 2% of the total energy
are omitted in the Tables (Tables (5) - (16)). First of all the drastic decline of the
non-Condon effect on the quotients of the rates is eminent when compared with
the single-mode result. At the benzene S; ~~> Sy energy gap one finds just a

factor 2~ 1.5 instead of ~ 518 . A still smaller factor is found for deuterobenzene

26



in Tab.(6) . Although in CgHg and CgDg the frequencies and also their relative
sizes with respect to all other modes are very different, the non-Condon correcton
factor is less than ~ 2. It is noteworthy that the slopes of the non-Condon factors

with the energy gap for the two molecules are exactly the reverse of one another.

One should also compare the energy acceptor behaviour with the results of
the Condon approximation. For deuterobenzene at high energy gaps only a small
energy redistribution of < 2% occurs while at low energy gaps the difference is
higher than 10% (see Ref.go). Because of the very high frequencies of the v, mode
in benzene the redistribution on introducing the non-Condon matrix elements is
more spectacular. At high energy gaps more than thrice the energy (~ 50%) is
accepted, and twice at low energy gaps (= 40%). This energy largely stems from
the other CH stretch vibrations (v13,v90) and the CC stretch mode v;. Although
this highly different behaviour for benzene and deuterobenzene would suggest a
similarly different effect on the rates, this is obviously not found. For non- Condon
calculations energy redistribution seems to be less important on the rate than for

problems including anharmonicities.

The variations of the non-Condon factors for C¢Dg and CgHg are compared
in Tab.(7) for the vy,v4 and vy4. The calculations are generally very cumbersome
and in many cases the calculations diverge®! (indicated by dashes in Table (7)).
However, it is clearly shown that in a reasonable energy region where the actual
molecular parameters correspond to the weak coupling case the non-Condon effect
is very small with the exception of the vy4 mode in CgDg. This very different
influence of the vy mode seems to underline the necessity of investigating the
non-Condon coupling of the vy and the v14 modes, especially since the v14 acts as

the promoting mode for the nonradiative decay®?.

b) Rates from single vibronic levels
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The rates for progressions of the v4 vibration of benzene are calculated in
Table (8). As was already shown for the remaining modes treated in Ref.%9, it is
also found for the v4 modes that the introduction of the non-Condon terms exerts,
in contrast to the expected results, a very small increase of the rates even from

high initial occupation numbers.

In deuterobenzene the frequencies are very different to those in benzene. Espe-
cially the promoting mode v14 has a dominant influence. The increase of the non-
Condon rates is investigated in Tabs.(9)-(12) for the v; (Tab.(9)), v5 (Tab.(10)), v4
(Tab.(11)) and vy4 (Tab.(12)). Here again one finds only a very small increase of
the rates ( <= 4), even from high progressions of the vy, v4 modes and also for the
vy CH-stretch vibration. Surprisingly, this is also true of the v14 (Tab.(12)). How-
ever, for low initial progressions a huge amount of the total energy is redistributed
in the v14 and v4 cases on introducing the non-Condon terms. The summary of the
results in Tabs.(9)-(12) provides confirmation that also for deuterobenzene only a

very small non-Condon effect ( generally smaller than for benzene) is realized.

It should be mentioned that one can obviously observe a different behaviour
of the rate increase with higher progressions for the total symmetric modes, on
the one hand, and the out-of-plane modes 4 and the promoting mode vy4, on the
other. While the first show a continuing increase with higher progressions, the

others obviously assume a maximum non-Condon effect.

c) Rates applying the communicating states concept

Our recent calculations?®50 based on the communicating states model4748
seemed to describe many details of the experimental results. It is therefore of
some interest to demonstrate the effect of the non-Condon terms especially for

this model. In Tab.(13) the rates are calculated as a function of the excess ener-
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gies in benzene with non-Condon terms in the v (Tab.(13)), complete basis set) .
The results for deuterobenzene are presented in Tab.(14) for the vy, Tab.(15) for
the vg,and Tab.(16) for the v4 vibrations. The corresponding energy redistribu-
tions in the Sy state for the Condon approximation case have already been given

elsewhere?®52,

As already mentioned and discussed, the non-Condon rates, calculated here,
are in agreement with the results in Ref.#6. Especially the rate behaviour for the

v4 mode in deuterobenzene is qualitatively identical to that in benzene.

However, the “fine structure” distinctly shows a remarkable difference when

one focuses on the variation of the non-Condon effect with varying excess energy.

In CgDg rate calculations with v14 mode non-Condon terms, the non-Condon
factor decreases within a 300¢m ™! from a factor ~ 1.4 to ~ 0.65. At the same
time the energy acceptance decreases from 37% to 6%, whereas for the v4 mode
the energy acceptance is increased from 6% to 48%. At higher excess energies the

non-Condon effect then seems to be almost constant.

The maximum of the v4 mode non-Condon factor seems to be due to the
increasing energy acceptance of the out-of-plane mode vyg. Calculated from the
maximum excess energy to 6300cm ™1 its acceptance increases by a factor ~ 4 in
benzene and deuterobenzene (Tab.(4) of Ref.#® and Tab.(16)). The non-Condon
factor for both molecules shows the steepest decent for this mode. The non-Condon
factor assumes at an excess energy of 6300¢rn™! 2 1/10 of the value found at the

maxima although the energy acceptance hardly changes.

For the rate with vo non-Condon matrix elements the non-Condon factor is
constant for energies higher than ~ 1700em 1. In relation to the factor obtained
at zero excess energy one finds a decrease in CgHg by about a factor four and in
CeDg by =~ 1.6.
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The smoothest decrease is shown for the 1; modes. For both molecules the

non-Condon factor assumes ~ 1/2 at an excess energy of 6300cm 1.

Although the frequencies of the modes are very different in CgHg and CgDsg,
the variation of the non-Condon factor with the excess energy is very similar
in both molecules for the actual modes treated within the non-Condon scheme.
However, the non-Condon factor shows highly different excess energy behaviour
for the various modes. It is obvious that the v4 mode with its enormous increase of
energy acceptance (about a factor 12) plays an important role for the explanation
of the excess energy behaviour. Nevertheless this explanation does not account

for the arbitrary deviations. This question has therefore to be left unanswered.

A résumé of all calculations performed within a two-electronic-level model
allows one to conclude that the non-Condon treatment in no case yields an increase
or change of rates that would be comparable to, for example, those effects caused
by the introduction of Morse oscillators or local modes. Obviously, the “bath”

modes suppress the effects shown in an one-mode calculation.

D) Three-electronic-state model

Non-radiative rates in a three-electronic-state model were recently calcu-
lated®”. In an approximative model where the excited states are coupled by a
non-totally symmetric mode, the rate is calculated as a function of the energy
gap, coupling constant and distortion of the coupling mode. As in the work of
Penner et al.37:5% a considerable effect, which is dependent on the various param-
eters chosen, is found. Especially rates from higher vibronic levels of the S; show

an increase of the rates by more than two orders of magnitude.
The most interesting model would be to calculate rates according to the com-
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municating states model or the single vibronic concept when the second excited
state (Ag,) is coupled by the out-of-plane mode v4 to the S;(Bj,) state. This

investigation is being prepared in a forthcoming paper’?.

The three-electronic-state model is especially applicable for those aromatic
molecules which show radiative decay of excited electronic-vibrational states in

the vicinity of the Sy configuration®, e.g. azulene .
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Conclusions

An exact and approximative three-level model for the non-radiative transition
is deduced. Generating functions for the non-Condon scheme are developed. The
formalism also includes the case where the initial states are a mixture of vibronic
states which belong to different electronic states. The treatment includes potential

crossing and non-crossing cases.

Furthermore, for the special case of benzene and deuterobenzene the question
of potential crossings is investigated. It is found that neither for a harmonic
potential model nor for a Morse oscillator shape of the potential and/or a local
mode concept of the v5 mode potential crossings seem to be decisive for non-

radiative decay from the S; state.

In addition supplementary calculations of non-radiative rates from the Sj in a
two-level model are presented. The various slopes of the non-Condon factors with

the excess energy are discussed on the basis of the communicating states model.

Finally, the dependence of the rate equation on the saddle-point parameter

was investigated for the Condon and non-Condon cases.
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Appendix A

In the case of one-dimensional potential surfaces the condition for crossing of

the potential curves of the v9 mode is of the form

5 (@-ay+ap=" 1o, (41)

£ | )
BRI

where the values for the vy mode have to be inserted®® (wic;1 = 3130 cm_l,wég0 =

3073 em™1, A = 0.331 A, AEg, s, = 38086 em~1) . From Eq.(A1) the crossing

points are found to be

1 AE'\?
Qo= — |A % (A‘tzus ) :
? 26 Lu‘."
; (42)
1 We
b==-|1-—
2 L]
2 ( w; )
If in Eq.(A2) the root is non-negative, one obtains
!
AFE
A2 —afi——5eg (A3)
Wy
This leads to the following condition :
2 AE?
A2>2(5§—1)M. (A4)
w Wy

Inserting the values given above, one obtains A > 0.9545 A. The actual value, how-
ever, is A = 0.331 A. No crossings can thus occur for the harmonic vy vibration.
Many publications extend their treatment of the rate calculation by assuming a
Morse potential for the vy normal mode or for the CH-stretch local modes. The
introduction of this form of anharmonicity has the advantage of better agreement
with experimental results and causes at the same time the vy mode to become
the main acceptor mode in numerical calculations. Képpel et al. argued that the
crossing of the totally symmetric modes is responsible for dramatic nonadiabatic

69,70,85

effects . Crossing points of the energy denominator are therefore also in-

vestigated in the following for Morse oscillator potentials of the vibrations. These

crossing points can be found by the equation (a; = af)

D, [1 B ea(q-qtﬁ)]z + AE = D, {1 N e—a(q—qé)r , (A45)
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where the anharmonicity constants « and x are assumed to be identical in the

S1 and Sy electronic states?®, respectively. In the upper electronic state these

anharmonic constants are largely unknown but are supposed to be higher than
2

those for the ground state. This leads to the identity D; = 8’2— Dy. Solving

w

-

Eq.(A5) for g, one obtains

2 20 alq
wy 1 -2
ap < 1 £ ¢ (46)
w
i elalyg _ f
wy
and
w?
I (A7)
w*
1
When the actual values®® k = 9.2 em™! and Ag = —0.028 A are inserted in

Eq.(A86), the crossing point occurs at AE > 2285365 em~1 | about nine times
higher than the experimental dissociation limit D; . For the Morse oscillator
model, potential crossing thus occurs, but far above the dissociation limits of
both electronic states. It therefore seems rather justified to neglect the contri-
butions of the crossing points to the values of the matrix elements within bound
states. For the local mode picture with the parameters®® wy = 3273 em L w, =
3183 em™1,Ag = —0.01143 A and k = 55.2 ¢cm™! crossing points would only

occur at energy gaps lower than AE < 1200 em™ L
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Appendix B

A :&d ezwt _ ﬁ"lé e—iwt .
B :&6 ez’wt _ dé e—‘iwt ,
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x A ~ 2 iw —1w A
G:ﬁ —(Oﬁ+ﬁ)(d€ t-—ﬁe t) ﬁ .

Variables in Egs.(B1) which carry a bar in the text mean the conjugate complex

values.

The generating function Uﬁ’ﬁ(it) for harmonic vibrations is explicitly derived
in Ref.””:

gD giwbtbe —ipA

Upn=<n A >=
71, 1) (B2)
= v Ra_k(r1,11) Ry_r(z2, %2
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Wiy = - il B4
RN v i IEN 0
RI(I}y) =0 ) RO(may) =1 3
Rz(ﬁ,y) = [2$Rlﬁ2($vy) + le-l(I’y)] /l g (BB)
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The partial derivatives of W (t1,t2) = W (t1,22) with respect to 7 (7 = —1t)

yield (W, 5 = W 5 (t1,t2))

o UHALE :Al\ﬁﬁ + 1)(?"1 + 2) Wﬁ,ﬁ,-}—z + AB\/ n+1 Wﬁ,ﬁ'}'l
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+ A VAR 1) W59

1 3Wﬁ 2 y 7
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Appendix C

The terms in Eq.(4.26) lead to the following integrals:

oo oo 2 2 52
I(t1,t2) = fo dt, fo dt, e~ D1ti= Dty o—ibita

. (C1)
X e—‘t,Eztz E_Ftlt‘l tatlzc ,
=2
7
nL3)
1= U7
9 A
D,y i (1 — —B;) 5
2 A
. G
E;=i7|A-—=]|+Epn , (C2)
1 g ( \/ﬁA) 11
% G
Eg =% A - —==]| 4+ B33 ,
2 =y ( \/EA) 22
r=X1
2A
a) For the crossing case of the nuclear potentials (Eq(4.11)) one obtains:
En=-i3(Qo—4) , En=3%Q,-4), (C3)
b) Case of no nuclear potential crossings (Eq.(4.28)):
Ey = —1 (% - gt&) , FEgg=—1 (% - 35) , (C4)
¢) Mixed case (Eq.(4.31)):
By =-i¥(Q —A4) , Exn=-k-i(3/2-84), (Cs)
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d) In the limit of a two level model one finds

Dy=Dy , (C6)
E;=E+4Q:—7A , E3=E+1Qy -4, (C7)
for the potential crossing case, and
Ey=Ey;=E+v/2-6A+ix , (C8)
for the non-crossing case.
In the limit of the two electronic state model one gets the corresponding ex-

pressions to the integrals in Eq.(4.26) and the partial derivatives of Wﬁ N (Eq.(C2)

of Ref.4®, Egs.(B6) and (B7) of Appendix B) if in all terms 7 is replaced by 7' and
in all variables the hook is replaced by the tilde.

Appendix D

Finally one has to evaluate the double integration procedure in Eq.(C1).

£ 0 l F k
I(ty,tg) =4 (3—51) (E) Io(ty,t2) (D1)
oo [o.0] . i
Io(ty,t2) :/0 dty .[0 dty ¢~ Dit}+ Dot} ~iExty ~iEptz—Ftaty (D2)

Performing the integration with respect to t; yields

T (Fty +1E;)? Fty + 1E;
to) = [ — b L i e | D3
lolt2) =y/4p, P 4D, erfe\ =5 /D, 2]

Hence, for the t5 integration one gets the expression
e o [ = g2 D4
Io(ty,t2) = aD; %, = 1] (D4)
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where
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Itzz is, to our knowledge, not analytically integrable. Equation (D6) can therefore
only be evaluated either by numerical integration or by series expansion methods.

Introduction of the series expansion of the complex exponent part in Eq.(D6) leads

to
9 oo a%n
I}, (even) =ag Yo (-1)" r= U
ne0 (2n)!
a%n+1 (DS)
I (odd) = -
The recurrence relations for the Us, and V3,1 in Eq.(D8) are obtained as
follows:
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Closed-form expressions for the terms in Eq.(D7) are of the form

00 n 2 L
2 00 (1+ay)a? (—1) a3
Iy (even) =5 ray © nz::O (2n)! \1+ a;
k

®  22m ! (m4n)! "D [(1 + al)zg]

X
mZ:O @2m+ 1) (1+e)™ [ k!

(D15)

3

+1 oo k
ag X n! aZ\" <. a gzl 2k
Iyodd) =3 30 (1" Gy (“3) o iSO

n= 2
(2k)! _ 2 k1 i
k! 22k (1 4 al)k+1/2 NG 0 i

% [zg (1 +a1)]!} :
(D16)

The differentiation with respect to E; and Ej in Egs.(D3), (D15) and (D16) is

=1
(20 +2k+1)

easily proved to be straightforward.
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Throughout the rate calculations one is confronted with two sorts of nu-
merical problems. The first consists in evaluating the matrix elements.
The summation of the alternating non-Condon terms requires higher—
precision arithmetic if the final occupation numbers are large (we were
limited to 32 digits in our computation). However, these limitations can
be avoided, in principle, by using the generating function formalism for
the wave functions. On the other hand, one is again confronted with the
summation of alternating terms or the drastic numerical instabilities of
the recurrence relations for many values of the parameters. The second
numerical problem evolves from the solution of the saddle-point equa-
tion. Enlargement of the non-Condon basis set employed often leads to
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Table Captions

Table 1

Quotients of non-
Condon and Condon matrix elements |[< m|0 >, / < m|0 >¢| for certain final
occupation numbers m of CgHg (AE = 38086cm"1).

Table 2

22(r) [1.0], Z(r) [10718], < hy(r) > [10Y], H(7) - AE [10%], < h(r) > [10°]
and < H%(r) > [108] as defined in Egs.(3.8)-(3.14) as functions of the saddle-
point parameter 7 for all thirty modes (upper case) and for the mode v, in the

non-Condon and Condon cases. * and #x indicate the solutions for 7, and 7,¢.

Table 3

The percentage contribution which make the matrix elements with final quan-
tum numbers ny to the partition function Z(r) = S; and its first and second
partial derivatives Sy and S3 (see Egs.(5.1) and (5.2)). For the single mode one

finds S} = zi’f}:o Si(ns) =2.18x10713, 5, = 2,3;}:0 Sa(ny) =8.30x1079, 55 =
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330 o Ss(ny) = 5.74 x 107%,7 = 1.31064264 x 107, and similar for the com-
=

plete basis set: S; = 1.36 X 1013, 5, = 3.07 x 1072,8; = 1.68 x 1074, 7 =
1.29468358 x 1073,

Table 4

Quotients of non-Condon and Condon rates as a function of the S; ~~~

Sp energy gap [cm™!]. Single-mode calculations. Data from CgHg.

Table 5

Quotients of non-Condon and Condon rates as a function of the S; ~~>
Sp energy gap [cm_l] (Complete basis set of Cg Hg, v, non-Condon terms ). Modes
which accept fewer than 2% of the total energy are omitted in the Table.

Table 6

Quotients of non-Condon and Condon rates as a function of the §; ~~>

Sp energy gap [cm_l] (complete basis set CgDg, vo non-Condon terms).

Table 7
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Quotients of non-Condon and Condon rates as a function of the S; ~~>
Sp energy gap [cm_l] for complete basis sets in CgHg and CgDg (non-Condon

terms are used for the 1,19 and vy4 each, as specified).

Table 8

Quotients of non-Condon and Condon rates k,/kc and the nascent energy
redistribution in Sq for v4 single vibronic initial levels in benzene (v4 non-Condon
terms). Modes which accept less than 2% of the total energy are omitted in the
table.

Table 9

Quotients of non-Condon and Condon rates k,c/kc and the nascent energy
redistribution in Sy for v; single vibronic initial levels in C5Dg (v7 non-Condon
terms). Modes which accept less than 2% of the total energy are omitted in the
table.

Table 10

Quotients of non-Condon and Condon rates k,/kc and the nascent energy
redistribution in Sy for vy single vibronic initial levels in CgDg (v9 non-Condon
terms). Modes which accept less than 2% of the total energy are omitted in the
table.
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Table 11

Quotients of non-Condon and Condon rates k,c/kc and the nascent energy
redistribution in Sy for v4 single vibronic initial levels in C¢Dg (v4 non-Condon
terms). Modes which accept less than 2% of the total energy are omitted in the
table.

Table 12

Quotients of non-Condon and Condon rates k,c/kc and the nascent energy
redistribution in Sy for vy4 single vibronic initial levels in CgDg (v14 non-Condon
terms). Modes which accept less than 2% of the total energy are omitted in the
table.

Table 13

Quotients of non-Condon and Condon rates k,c/kc and the nascent energy re-
distribution in Sy in C¢Hg ( v2 non-Condon terms, communicating states model).

Modes which accept less than 2% of the total energy are omitted in the table.

Table 14

Quotients of non-Condon and Condon rates k,c/kc and the nascent energy re-

distribution in Sy in CgDg ( v1 non-Condon terms, communicating states model).
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Modes which accept less than 2% of the total energy are omitted in the table.

Table 15

Quotients of non-Condon and Condon rates ko /kc and the nascent energy re-
distribution in Sy in CgDg ( v non-Condon terms, communicating states model).

Modes which accept less than 2% of the total energy are omitted in the table.

Table 16

Quotients of non-Condon and Condon rates k,¢/kc and the nascent energy re-
distribution in Sy in CgDg ( v4 non-Condon terms, communicating states model).

Modes which accept less than 2% of the total energy are omitted in the table.
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m

N

10

20

30

40

60

40
42
44
46
48
50
66
1.3 x 102

3.9 x 102

|< m]O >nC / < ml(l >Cl

12
15
18
20
13
o4
2.9 x 10
2.5 x 10*

3.9 x 10°

Table (1)

Vs

1.0 x 102

1.1 x 102

1.3 x 10°

1.3 x 102
1.6 x 102
2.4 x 10°
4.0 x 10
9.8 x 102

6.9 x 103
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Single-mode Complete basis set

ng Si(ng)  Sa2(ny)  Ss(ny) Si(ny)  Sa(ny)  Si(ny)
0 2.22 0.00 0.00 3.57 0.00 0.00
1 10.74 0.87 0.04 16.43 2.23 0.13
2 16.85 2.72 0.24 24.56 6.66 0.75
3 7.60 1.84 0.25 10.54 4.29 0.72
4 0.06 0.02 0.00 0.07 0.04 0.01
5 6.64 2.68 0.60 8.35 5.67 1.59
6 5.48 2.65 0.71 6.56 5.34 1.80
7 0.00 0.00 0.00 0.00 0.00 0.00
8 3.88 2.50 0.89 4.21 4.57 2.05
9 2.62 1.90 0.76 2.71 3.31 1.67
10 0.15 0.12 0.05 0.15 0.20 0.11
11 2.88 2.56 1.25 2.70 4.03 2.49
12 0.87 0.85 0.45 0.78 1.27 0.86
13 0.68 0.71 0.41 . 0.58 1.02 0.74
14 2.10 2.37 1.48 1.70 3.23 2.53
15 0.08 0.10 0.06 0.06 0.12 0.10
16 1.37 1.77 1.26 1.01 2.19 1.96
17 1.23 1.68 1.27 0.86 1.98 1.88
18 0.14 0.20 0.16 0.09 0.22 0.22
19 1.93 2.96 2.50 1.22 3.16 3.37
20 0.38 0.61 0.54 0.23 0.62 0.69
21 1.08 1.83 1.71 0.62 1.76 2.08
22 2.06 3.66 3.58 1.13 3.36 4.15
23 0.01 0.02 0.02 0.01 0.02 0.03
24 3.03 5.86 6.26 1.50 4.88 6.58
25 1.43 2.88 3.20 0.67 2.28 3.20
26 1.47 3.08 3.56 0.66 2.32 3.39
27 6.11 13.32 15.99 2.61 9.58 14.51
28 0.09 0.21 0.27 0.04 0.15 0.23
29 8.72 20.40 26.31 3.38 13.30 21.65
30 8.11 19.63 26.19 2.99 12.19 20.51

Table (3)



40

36

32

28

24

20

16

12

918
455
375
277
173
100

33

23

Table (4)

knC/kC

99
116
203
263
748
846
925

301
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48

44

40

38

36

34

30

26

22

18

14

10

n

0.88

0.93

0.99

1.03

1.07

1.13

1.26

1.44

1.70 -

2.05

9.99

3.50

CeHe

1.47

1.47

1.47

1.47

1.47

2.73

1.88

knC/kC

Vig

0.56
0.56

0.57

Table (7)

vy

1.08

1.17

1.27

1.33

1.40

1.48

1.69

1.98

2.36

2.48

321

6.77

CeDyg

V4

0.61

0.61

0.61

0.61

0.61

0.61

V4

10.1
7.3
5.3
4.6
4.0

3.5
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