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BREAKDOWN OF THE BORN-OPPENHED1ER APPROXIMATION 
IN RADIATIVE TRANSITIONS 

-r W. G. Breiland and C. B. Harris 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Chemistry; University of California, 

Berkeley, California 

ABSTRACT 

Evidence demonstrating an explicit nuclear coordinate dependence 

of electronic matrix elements in the transition moment for phospho res-

cence to the ground state vibrational manifold has been found for sub-

stituted benzenes by an optically detected microwave double resonance 

experiment. Theoretical expressions for the experimental observations 

developed within the framework of the Condon and Herzber;g-Teller approxi-

mat ions fail to explain the results, implying that these approximations 

are not general enough to give a good description of radiative transitions 

in aromatic molecules. Additional terms in the Herzberg-Teller expansion 

and the breakdown of the Born-Oppenheimer approximation are briefly dis-

cussed as alternatives which can be used to explain the experimental 

observations. 



-1-

INTRODUCTION 

The detailed nature of radiative and radiation1ess transitions from 

excited states in aromatic molecules has received a considerable amount 

of attention in the literature. From a theoretical standpoint, knowledge 

of the explicit nuclear dependence of electronic matrix elements is essen-

tia1 to· the understanding of these phenomena. In treating this problem 

two limiting cases arise. The first, Herzberg-Teller coupling,l uses 

2 crude Born-Oppenheimer states as a basis set and expands the electronic 

transition moment in a Taylor's series about an equilibrium nuclear con-

figuration. Providing that the electronic transition moment is a slowly 

varying function of nuclear coordinates, 

only linear terms in normal coordinates are retained. If, on 

the other hand, the energy separation between electronic states is small, 

neither crude, nor adiabatic Born-Oppenheimer states constitute a good 

description of the "real" states and mixing of adiabatic states via the 

3 4 
nuclear kinetic energy operator becomes significant.' Both the nuclear 

coordinate dependence of the gradient of the electronic potential and nu-

clear kinetic energy can, to a greater or lesser extent, provide intensity 

into radiationless and radiative decay channels. Unfortunately, empirical 

information about excited states of aromatic molecules is not yet complete 

enough to provide a clear understanding of the relative importance of 

each case. Although the Herzberg-Teller treatment has long been considered 

successful in treating vibronic intensity in electronically forbidden tran-

!-lilions, qU4?Htions have recently been raised concerlling its gl'Ill'ral 
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Ii 
5,6 

applicabi ty. 
6 Freed and Gelbart have pointed out that perturbation 

theory should be avoided if possible since in many cases higher order 

terms are not negligible. They also note that the gross features of elec-

tronic relaxation processes are due.to Franck-Condon type integrals which 

factor out of electronic coupling schemes. The qualitative features of 

experimental observations are therefore relatively independent of the 

coupling "mechanism," and, as a result, experimental verification of these 

schemes becomes much more difficult. 7 8 Orlandi and Siebrand and others 

have proposed that the two cases may be distinguished by observing isotopic 

effects on vibronic intensities. However, the frequency change associated 

with isotopic substitution in large molecules is often too small to cause 

a substantial change in radiative decay channels, and it therefore becomes 

difficult to verify which case is most important. Moreover, when radiative 

transitions acquire intensity from both mechanisms, the interpretation of 

the isotope effect becomes ambiguous. 

Recent advances in optically detected magnetic resonance may help to 

alleviate these experimental probl~s since it is now possible to determine 

the radiative character of each zero-field triplet spin sublevel in phos-

phorescence to the ground state. We wish to report an experiment in which 

the troublesome Franck-Condon factors are effectively "cancelled," allow-

ing any nuclear dependence of the electronic matrix elements to manifest 

itself. 

v v 
In this communication we wish to show, first, thst the ratio I /1 x y 

illustrated in Figure 1 i8 expected to be the same for phosphorescence 



to different normal modes of the totally symmetric vibrations in the 

ground singlet manifold when the electronic matrix elements are slowly 

varying functions of nuclear coordinates. 

I and/or Herzberg-Teller approximations. 

9 This is the case for Condon 

Secondly, we will demonstrate 

experimentally that the above ratio as measured in substituted benzene 

3 

triplet states is not constant for emission to various totally symmetric 

modes and that the large variation in this ratio cannot be accounted for 

by the above approximations. This observation implies that the electronic 

matrix elements in radiative transitions depend strongly upon specific 

nuclear coordinates. 

DISCUSSION 

A particular vibronic level may be expressed as a product of elec-

tronic and vibrational wavefunctions. 

t:,w (q,Q) - ~: (q,Q)~ (Q) (1) 

t is the mth excited electronic state in the wth vibrational mode. q and 

Q represent the set of electronic coordinates and nuclear normal coordin-

ates, respectively. a labels either a singlet or a particular zero-field 

triplet spin sublevel. Phosphorescence from a triplet state to the ground 

singlet state is weakly allowed if the product functions are mixed via a 

10 Hamiltonian which includes spin-orbit coupling. The resulting perturbed 

triplet state is given by 



a' ~ 
~ = Triplet terms + ~ 
a.b m,w 

(2) 

We wish to focus our attention on emission from the lowest excited 

triplet in the zero point vibrational mode to the ground state 

vibrational manifold. Since it is possible to experimentally dis-

tinguish the relative intensity of emission from each of the three 

zero field triplet spin sublevels, we examine ratios of the squares 

of the transition moments MV and MV for emission from two 

triplet spin sublevels 

x y 

L and 
x 

1 
Y 

to some vibrational state 

~~V (See Figure 1). For reasons given later we restrict our 

observations to the set of totally symmetric vibrations in the 

ground singlet manifold. Assuming that spin-orbit coupling in the 

ground state is small, the transition moment is given by 

4 



(3) 

We proceed by considering the simplest of all approximations, that 

due to Condon,9 in which the electronic wavefunctions are evaluated at 

5 

some fixed equilibrium nuclear configuration, QO' For simplicity we con

sider only the first order spin-orbit perturbation term, and restrict the 

mixing of a triplet spin sublevel with only one excited singlet state. 

The coefficients are thus 

(4) 

substituting Eq.(4) into Eq.(3) and using the fact that the electronic 

wavefunctions are independent of the integration over nuclear coordinates, 

we obtain the ratio of transition moments in the Condon approximation as: 

M \} E 
x w -= 

M\} E 
y w' 

It should be noted that ~syS ~ ~S,yS, I since T and T will have differ-
m''1l\W m ''1n w x y 

ent spin-orbit symmetries. When the separation between EX and ES is large 

relative to vibrational quanta, as is the case for benzene and its deriva-

0. s 
tives, we may approximate (El,O- Emw) = ~E and invoke closure. 

(6) 
w 

The ratio may then be reduced to 



<x Ixx > x X 
_0::...\):....-.=.1.::..0 __ ;;; (7) 
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where X and Yare the electronic matrix elements <~oslpl~s><~sIH l~xl>/6Ex 
. m m so 

and <~Oslpl~s,><~s,IH I~Yl>/6EY, respectively. Since spin inter~ctions are only 
m m so . 

x 
s!'Iall perturbatio~lb on t!"le sublevel energies, the vibrational wavefunctions X 

and Xy will be spin independent and therefore virtually identical; thus, 

the Franck-Condon factors cancel in the above ratio. Because X and Y re-

main constant for different \) within the Condon approximation, the squares 

of the transition moments should yield a constant ratio for emission to 

different totally symmetic vibrational levels in the ground state. 

Next we consider the effect of Herzberg-Teller coupling on the above 

ratio. Expanding the electronic transition moment in normal coordinates 

+ ... (8) 

Retaining only linear terms in Qj' the total transition moment is given 

by 

(9) 

The transition moment now consists of a term identical to the Condon 

approximation plus a Herzberg-Teller coupling term. Invoking the same 

closure argument for the Herzberg-Teller term, the ratio becomes 



if v is a totally symmetric vibration, the Condon terms do not vanish and 

are expected to be at least an order of magnitude or so larger than the 

Herzberg-Teller terms. Thus, the radiative rate constant ratio will be 

constant to within a few percent for different totally symmetric vibrations. 

EXPERIMENTAL 

11 12 
Using phosphorescence microwave double resonance (PMDR) techniques, ' 

radiative contributions from the individual spin sublevels to various to-

tally symmetric vibrations in the ground Singlet manifold were determined 

for the lowest excited triplet state of 1,2,4,5 tetrachlorobenzene (TCB). 

Both h2-TCB and d2-TCB doped 1% m/m in durene were investigated. The orbi-

3 tal symmetry of the lowest excited triplet state is Blu ; thus, the spin-

13 14 orbit symmetry , of the individual spin sublevels, T • T and T trans-. x y z 

form as B2u ' B3u and Au respectively in the coordinate system illustrated 

in Figure 1. In this state only the T and T spin sublevels have electric x y 

dipole activity to totally symmetric ground state vibrations. The life-

times of the three spin sublevels were determined using a combination of 

15: 12 
adiabatic fast passage and microwave;nduced delayed phosphorescence. 

The samples were placed in a slow wave helix and immersed in liquid He which 

was pumped to a temperature of 1.4°K. The salient data for both h
2

-TCB and 

d2-TCB are listed in Table 1. The zero field sl>littings of d
2

-TCB 

are similar to those reported for h
2

-TCB 
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13 16 14 in neat crystals ' and in a durene host. The lack of an isotope 

effect on the spin sublevel lifetimes implies that the principal contri-

bution to the lifetimes is radiative decay to SO' The two spin sublevels, 

T and T , used in determining ratios corresponding to the above theore-
x y 

tical treatment have lifetimes of 790 and 36 msec respectively. The ra-

tios can be easily and accurately determined in the following manner. 

° After exposing the sample to the 3100 A region of a high pressure Hg ex-

citing source for approximately five seconds, optical pumping was stopped 

by means of an electronic shutter and the decay was monitored with a 

Jarrell-Ash 3/4 meter Czerney-Turner spectrometer equipped with a cooled 

(-20° C) EM! 62565 Photomultiplier placed 90° to the exciting source. 

500 msec after optical 

pumping was stopped, an accurate zero-intensity base line was established 

by means of another shutter placed between the sample and spectrometer. 

This process was repeated and the decay curves were stored on a PAR wave-

form Eductor in order to acquire high signal to. noise. Because of the 

large difference in the lifetimes of the T and T spin sublevels, the 
x y 

intensity after 250 msec comes almost entirely from the long-lived level. 

Adiabatically inverting the population from T into the empty T spin 
x y 

sublevel, and measuring the changes in phosphorescence intensity at vari-

ous times, allows the relative population Nand N to be measured in a x y 
14 manner similar to that developed by Van der Waals and coworkers. The 
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fraction of inversion was determined by the methods described by Harris 

15 and Hoover. Utilizing this information and the phosphorescence decay 

data to the various totally symmetric vibrations, v, in SO' the ratio of 

the radiative rate constants kV/kV can be accurately determined. This x y 

value is directly proportional to the squares of the transition moments 

given by &qs.(1) and (10) in the two approximations discussed above. Po-

larization effects on the ratios were removed by investigating randomly 

oriented microcrystalline samples whose phosphorescence spectra was 

shown to be completely depolarized. 

RESULTS AND CONCLUSIONS 

The steady state rate constant ratio, kV/kV, to each of the observed 
x y 

a fundamentals is listed in Table II. Notice first that the ratio is far 
g 

from constant, the largest difference relative to the (0,0) band occurs 

for the 1549 cm-l and 1538 cm-l vibrations in h2-TCB and d2-TCB respec-

tively. 

ratios. 

Secondly, there are no large isotope effects reflected in the 

-1 Unfortunately, the totally symmetric C-H stretch at 3010 cm 

inh2-TCB could not be located. This vibration would have the largest 

i ff h d t th di ib i 2203 cm-l sotope e ect w en compare 0 e correspon ng v rat on at 

in d2-TCB. In addition, we should like to point out that the observed 

effects are most probably not a property of the particular TCB-durene 

system chosen. Both 1,2,4,5 tetrabromobenzenelJ and 1,4 dich1orobenzene11 

-1 -1 show anomalous PHDR peaks at 1521 cm and 1579 cm respectively. These 



bands may be explained in terms of the present data if it is assumed 

that the relative radiative rates from the two contributing sublevels 

are considerably different from their values to other vibronic bands 

of the same symmetry. Furthermore, when the vibronic transitions in 

18 dichlorobenzene and TCB were examined by quadrature PMDR, the data 

10 

demonstrated that there was enough variation in the radiative rate con-

stant ratios in phosphorescence to different vibronic levels to cause in 

some cases large deviations from a constant phase angle for any given 

set of vibrations of the same symmetry. 

From the results of this experiment we may conclude the following. 

The data demonstrate an explicit dependence of the total transition mo-

ment on nuclear motion. The observed ratios differ by as much as a fac-

tor of 2.4 for h2-TCB and 2.8 for d2-TCB. Since the Condon and Herzberg

Teller approximations can only account for a change of a few percent, 

they fail to explain the results, and further refinements in the theory 

of radiative transitions must be considered. At least two extensions 

of the above development could be made to provide a theoretical basis 

for the experimental observations. Firat, corrections can be made by 

explicitly considering the quadratic terms in the Herzberg-Teller 

expanoion which have been neglected in the previous discussion. 

Sacondly, and less trivially, an explicit nuclear coordinate depen

dence of the electronic transition moment can be brought about by a 

breakdown of the adiabatic Born-Oppenheimer states via the nuclear 

kinetic energy operator. Thi~ is done by evaluating the coefficients 



in Equation 3 in second order so that contributions from the nuclear 

kinetie energy can be made. Further insight into the specific depen

dence of the electronic wavefunction on nuclear motion may be gained 

by analyzing the normal coordinate of the vibration in relationship 

11 

to the positions of the nodal planes in the excited electronic state. 

The ratio might be relatively unaffected, for example, when the nuclear 

motion is associated with a direction that keeps the nuclei in a 

nodal plane of the electronic wavefunction. Examination of these 

relationships is presently under investigation. 
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TABLE I 

D+IEI n-IEI 21EI T T T 
x y z 

h2-TCB 5.429 3.683 1. 746 790±30 36±1 38±1 

d2-TCB 5.463 3.641 1.822 750±40 36±1 38±1 

Microwave zero-field transitions (GHz) and triplet spin sublevel 

lifetimes (msec) for 1% m/m h2-TCB and d2-TCB doped in durene at 

1. 4°K. 

12 
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TABLE II 

.' b2-TCB d2-TCB 

k'" k'" 
~)( 10-3 

fl'" I ~)( 10-3 
fl'" I 

k'" (em-I) k'" ( -1. Y' Y CID) 

±3)(10-3 ±3)(10-3 

"'s 3070 "'s 32 2203 1S 

"'4 S8 1549 13 "'4 SO 1538 24 

"'3 16 1169 40 "'3 13 1162 33 

"'2 29 689 47 "'2 22 670 4S 

"'1 24 0 100 "'1 18 0 100 

Ratios uf radiative rates obtained from ratios of intensities 

illustrated in Fiaure 1. 
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Figure Caption 

Figure 1. Phosphorescence fran the 3Blu state of TCB to totally 

symmetric vibrations in the ground state manifold. 

The energy spacing is purely schematic. 
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