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SEZIONE II
(Fisica, chimica, geologia, paleontologia e mineralogia)

Chimica fisica. —■ Intensity distribution in sequences of the 
p-benzoquinone visible spectrum. N ota di L ucian a  M a lpezzi e 
G io r g io  O r l a n d i , presenta ta (#) dal Socio G. S e m e r a n o .

R iassunto. — In  questa N ota viene discussa la distribuzione delle intensità nelle 
sequenze della banda A e della banda b dello spettro del p~ benzochinone. L ’analisi presentata 
suggerisce che l ’intensità di queste bande derivi da entram bi i meccanismi H erzberg-Teller 
e Born—Oppenheim er di accoppiam ento vibronico.

Introduction

The principal transition  in the visible absorption spectrum  of /-b en zo - 
quinone corresponds to excitation from the ground state to an excited state 
of sym m etry (M ulliken’s notation) and of the type mz [ i ]. This tran si­
tion is dipole forbidden and is m ade allowed through a vibronic coupling 
m echanism  involving au and b3a vibrational modes. One of the m ost effective 
am ong them  is the b%u out of plane C =  O vibration, designated v30, which is 
also the m ain sequence forming vibration. This vibration is peculiar in tha t 
its frequency is very low and varies m arkedly between the ground and the 
excited state, nam ely from 108.5 cm-1 in the ground state and 143 cm“ 1 in 
the B igott excited state.

The sequences in the band group A  and in its hot counterpart b th a t 
are induced by the v30 mode, show an anomalous behaviour of the intensity  
of their m embers. T hey  do not follow the expected Boltzm ann distribution, 
but show a m axim um  at the second or th ird  m em ber of the sequence [x , 2]. 
An explanation for this has been pu t forward [2] in term s of the vibrational 
integral appearing in the H erzberg-Teller vibronic m echanism  [3]. Such 
an integral for small distortion is of the form:

CO I (v +  I IQI v) I2 ~ ( /̂(xto) (v +  1)

where Q is the inducing mode coordinate. Therefore it is an increasing func­
tion of v, the v ibrational quantum  num ber of the initial state. However the 
Boltzm ann distribution also enters the in tensity  expression. I f  the ground 
state frequency of the inducing mode is sufficiently low, as it is for v3o, the result 
is th a t the vibrational integral is able to impose its trend in the first members 
of the sequence while the Boltzm ann exponential prevails in the subsequent 
integrals so th a t an in tensity  m axim um  will be found somewhere along the (*)

(*) Nella seduta del 19 giugno 1973.



936 Lincei -  Rend. Se. fis. mat. e nat. -  Vol. L IV  -  giugno 1973 [ î 3 ° ]

sequence. W hile this explanation rationalises qualitatively the overall picture 
of the experim ental data, it does not seem to lead to a satisfactory agreem ent 
for the intensity  trend of band group b. Experim ental and theoretical Ilerz- 
berg-Teller. relative intensities of band A and b are listed in fig. 1.

B A N D  A

1 2 3

Fig. I. -  Relative intensity of sequence members of band A and b for T  =  323 °K,
E x p .-  ; 100% H .T . ; 30%  H .T . -------------; Experim ental intensities

are obtained from fig. 1 of References 2.

Recently it has been suggested tha t the Born-Oppenheim er [4] m echa­
nism m ay be as effective as the Herzberg-Teller m echanism  in vibronic in ten­
sity bórrowing, so th a t in general one should consider both mechanisms. In 
this Note we suggest th a t a better agreem ent with the experim ental trend of 
sequence intensities can be obtained by taking into account both borrowing 
m echanisms.

T h e o r y

Consider an electronic transition -> <S)m induced by the vibrational 
mode Qk . The transition  elements for the H T  and BO m echanisms m ay 
be w ritten as:

cï£ro = K T , (xT } (v) IQ,I x ì ) (w))_
(2)

C£SU =  Kl°„ 0dw> (V) 13/3Q* I x f  (w))

for a transition between the two vibrational levels characterized by a v ibra­
tional quantum  num ber vk in and wk in . K®° and are the relevant
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electronic integrals. W hen one of the two electronic states is the ground 
state and the other the lowest excited state, then in absorption and
K mn have opposite sign. For harm onic oscillators we have:

0àm) (v) I Qk I x f  («/)> =  jj.co)1/2 [w112 <$* (v) I i f  (w —  l)> +

+ 0  + i ) ll2(x im}( v ) \ $ \ w +  i)>]
( 3)

<XÌM) (v) I 3/dQk I xi”) (»> =  ([acù/2 k)1'2 [wV2 (Xk”} (v) I xi”} O  — i)) —

— (^ + 01/2 <xim) (0 I (^ + I))]
where fx and co are the reduced mass and frequency of the mode Qk. I f  the 
m atrix  of the overlap integrals appearing in the rhs of Eq (3) is close to the 
unit m atrix , we have for “ cold band ” transitions v -> v +  1

C ^ +i), — K ^I [(v +  1) h\2 [xco]1/2 =  L™ (v +  i)1/2
(4)

c22.(b+1), ^ — Kl°„ [(V +  I) (i«o/2 h f 2 =  — L“  (y +  I)1/2,

while for <£ hot band ” transitions v +  1 v we have

C 2»,»(»+J) — ÌS m l  \{V  +  l )  ^ / 2  [AW]1/2 =  i t y ,  ( v  +  l ) 1/2

~ K™ [(v +  I) jxtó/2 h f 2 =  Lf° (o +  i)1/2.

We see from (4) and (5) th a t the signs associated with BO and H T  contri­
butions in cold bands are different from those appearing in hot bands. In 
absorption H T  and BO transition m om ents add for cold bands, but subtract 
for hot bands. This general behaviour is followed even if the overlap m atrix  
is not diagonal. Also, the interference of the two mechanisms will change 
the intensity  trend relative to th a t of the H T  mechanism  alone, and will alter 
the in tensity  ratio  between hot and cold bands.

We have applied these ideas to the A  and b sequences of p~benzoquinone. 
We have evaluated the {Q) and (d jd Q )  vibrational integrals pertaining to
hot and cold bands assum ing th a t the v30 oscillator is harmonic. Then the
transition  m om ents of the first few term s of both sequences can be evaluated 
considering various cases arising from different ratios Lh t /Lbo. The best 
agreem ent with the experim ental data  in term s of intensity distribution along 
the sequences is found for L HT/LB0 ^  3/7. In fig. 1 the relative intensity  
of the first few m em bers of both sequences is listed for the value 30/70 for 
the ratio  LHT/LB0, together with the pure H T  limiting case and w ith the 
experim ental data.

D iscussion

As one can see from fig. 1, inclusion of both inducing mechanisms leads 
to a better agreem ent with experim ent than  consideration of only the H T  
mechanism. T aking the uncertain ty  of the experim ental results into account,
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we can say th a t the in tensity  distribution in band b has been im proved, while 
th a t in band A  seems relatively insensitive to the interference between the 
BO and H T  m echanisms. This result seems a reasonable indication th a t bands 
A, b are another exam ple supporting our prediction [4] tha t in general the BO 
m echanism  contributes substantially  to the intensity  borrowing.

F inally  we wish to point out th a t in our argum ent we neglected the re la­
tive ro tation of norm al modes in the excited state with respect to the ground 
state. However this seems a reasonable assum ption in view of the small 
frequency of the inducing mode and of the negligible deuterium  effect on 
the frequency itself. Both these facts suggest a very small coupling with 
other modes between both electronic states and therefore seem to justify  our 
assum ption.
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