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Using the results of energy calculations to determine the stable conformations, LCAO- 
SCF-CI semi-empirical computations have been performed on the three geometric isomers of 
t,4-diphenyl-l,3-butadiene. The predicted wavelength and intensity changes for the funda- 
mental band, which has been assigned to a iB ~ 1A transition, are in agreement with experi- 
ment. The second transition has been assigned to be primarily iG +- iA and the third transi- 
tion, observed only in the trans-trans isomer, 1//~- 1A. 

Zunichst wurden die stabilsten Konformationen der drei Isomeren des 1,4-Diphenyl-l,3- 
butadiens bestimmt. Fiir diese Geometricn wurden daun PPP-Rectmungen durchgefiihrt. 
Wellenlingen und Intensiti ten der Hauptbande stimmen mit den experimentellen Wcrten 
sehr gut iiberein. Die ttauptbande ist vom Typ iB ~ iA, die zweite Bande beruht haupt- 
sichlich auf i@ ~ 1A.Uberg/~ngen ' d e r  bisher nur beim trans-trans-Isomeren beobachteten 
dritten Bande wird ein iH +- iA-Ubergang zugeordnet. 

Des caleuls L.C.A.O.S.C.F.C.L semi-empiriques ont 6t6 effeetu6s sur les trois isom~res 
gdom6triques du 1,4-diph6nyl-l,3-butadibne, en utilisant les r6sultats des calculs d'6nergie 
pour d6terminer la stabilit6 des conformations. Les variations de Iongueur d'onde et d'intensit6 
de la bande fondamentale, attribu6e s une transition 1/t ~- 1A, sont en accord avee l'6xp6rienee. 
La seconde transition a 6t6 attribu6e essentiellement & 1G ~- iA et la troisibme, observ6e seule- 
ment dans l'isombre trans.trans, ~ iH ~- 1A. 

I. Introduction 

There  is considerable  biological  and  theore t ica l  in te res t  in p rob lems  re la ted  to  
the  electronic s t ruc ture  and  spec t rum of  a romat ic  polyenes.  The geometr ic  iso- 
mers of  d ipheny l -bu t ad i ene  m a y  be considered model  compounds  for  the  photo-  
chemical  processes oceuring in the  carotenes,  ret inenes,  and  v i t a m i n  A. 

The  u l t r av io le t  spec t rum of  i , 4 -d ipheny l - i , 3 -bu t ad i ene  has  been r epor t ed  b y  
a g rea t  number  of  inves t igators .  P ~ C X ~ D ,  WrLT,E and  ZrCE~nISTE~ [ i ]  have  
made  a comple te  s t u d y  of  the  spec t ra  of  all the  geomet r ic  isomers. D i L ~  [2] has  
e x t e n d e d  the  measurements  on the  t rans - t rans  i somer  to  lower wavelengths .  The  
absorp t ion  spec t ra  of  the  three  isomers in hexane  are  shown in Fig.  1. The  following 
fea tures  of  the  spec t ra  are  especial ly n o t e w o r t h y :  
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I .  The charac te r i s t ic  wave leng th  shifts  of  the  f u n d a m e n t a l  band  which occur  
on cis-trans i somer iza t ion :  trans-trans/max a t  328 mF, cis-trans/max a t  313 m~z, 
cis-cis 2max a t  299 mtz. 

2. The  decrease of  i n t ens i ty  of  the  f u n d a m e n t a l  b a n d  in going f rom trans-trans 
(/exp ~ 1.0) to  cis-trans (/exp ~ 0.7) and  cis-cis (/exp ~ 0.7). 

3. Whi le  the  trans-trans i somer  exhibi ts  well defined v ib ra t iona l  s t ruc ture  in 
the  f u n d a m e n t a l  band ,  the  o ther  two isomers are  charac te r ized  b y  essent ia l ly  
cont inuous  absorp t ion  spectra .  

6 
x lO ~ 

5 

3 /'.'C'".. 
u /..,." "\ ".,. 

T ~ 2  / . '  \ '". 
�9 ./:" \ " . . .  

,~ . . . . . . . . . . . .  ... / .., , .  - 
... ""....... / . / ]  "" 

o 
2000 2500 3000 3500 A 

, , I t , , , T , , , T [ ~ , I , l ~ , , r l , , , , r i ,  

6.0 5.5 5.0 #.5 4-.0 3.5 eV 

Fig. t .  The ultraviolet absorption spectra of the geometric isomers of 1,4-diphenyld,3- 
bntadiene; - -  trans-trans isomer, . . . . . .  cis-trans isomer; . - . - . - . - . - . - .  cis-cis isomer. 

(The data were obtained from Res [1] and [2]) 
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Although X-ray diffraction patterns have been obtained for diphenylbuta- 
diene [3], no complete structure determination has been carried out. The planar 
conformations are shown in Fig. 2. The distances used are: C-C phenyl ring 
i.39 A, C--C ethylenic ("single bond") i.45 A, C-C ethylenic ("double bond") 
L33 A. All valence angles have been assigned a value of 120 ~ 

The present work consists of an at tempt using HO theory to explain the 
characteristics of the fundamental band as well as account for the higher bands of 
these isomers. 

II. Calculations 

A) Energy Calculation 

For a C-H distance of 1.09 A and 120 ~ for the CCH angle, an inspection of 
Fig. 2 shows that  there are no short H - H  Van der Waals' contacts for the planar 
trans-trans molecule. (For the trans-trans isomer, we have considered that  the 
most likely conformation around the 8 - 9 bond is trans). In  the case of the cis- 
tran8 and cis-cis isomers, however, there are short H . . . H  contacts (~-~ 0.5 A): 
H A . . .  HB for the cis-trans isomers, HA. �9 �9 t{B and H e . . .  HD for the cis-cis isomers. 

In order to relieve the large strain energy of such short Van der Waals' con- 
tacts, it is probable tha t  the cis-trans and cis-cis isomers will distort from the 
planar conformation. In addition, Pariser-Parr-Pople computations (Section II.  B) 
show that  it is not possible to explain the spectral shifts of 2max for the funda- 
mental absorption band on the basis of a planar geometry for the cis-trans and 
cis-cis isomers. In fact, using planar geometries, the predicted shifts are in the 
wrong direction. 

We have therefore investigated the possibility that  the molecules deform in 
order to relieve the strain energy. The steric energy of the cis.trans and cis-cis 
isomers can be decomposed into the following contributions: I. the repulsion 
energy for pairs of atoms having a smaller distance than the "touching distance"; 
2. the energy variation of the ~-eleetrons as a result of rotations around "single 
bonds";  3. the bending energy in the plane of the bonds and; 4. the sterie energy 
associated with the stretching of bonds. 

On the basis of the work done by other investigators on related compounds 
[~ 8] and of an examination of molecular models, we believe that  the most 
reasonable way to relieve the steric hindrance due to the short hydrogen-hydrogen 
Van der Waals' contacts is for the molecules to rotate around "single" and/or 
"double" bonds. In particular, since it  is energetically considerably more difficult 
to rotate around "double" than "single" bonds, we have assumed that  only rota. 
tions around "single" bonds occur. 

For the cis-trans isomer, we do not consider rotation around the 10--11 
"single" bond since there is no short H c . . . I t D  contact for this isomer. Such a 
rotation would involve a loss of resonance energy with no release of strain energy. 
For the cis-cis isomer, on the other hand, the rotation angles around the 6--7 and 
t0--11 "single" bonds are taken equal by symmetry. 

We define (right-handed coordinate system) the rotation angles a and fl as 
follows (s. Fig. 3): 

cis-trans isomer: The xy-plane contains atoms 8--16 and B. The angle c~ 
measures the rotation around link 6--7 and is defined positive when atom A 
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moves  t o w a r d  pos i t ive  z va lues  for  fl = 0. The  angle  fl measures  the  ro t a t ion  
a round  l ink  8 - - 9  and  is defined posi t ive  when a t o m  A moves  t o w a r d  nega t ive  z 
values  for  ~ = 0. 

cis .c is  i somer :  The  y-axis  conta ins  a toms  8 and  9. The  z-axis, pass ing th rough  
the  center  o f  t he  8 - - 9  bond,  is m a i n t a i n e d  as the  two-fold  axis.  The angles 
measure  the  ro t a t i on  a round  l inks 6 - - 7  and  1 0 - - 1 t  and  are  defined posi t ive  when 
a t o m s  A and  D move  t o w a r d  pos i t ive  z values  for fl = 0. The  angle/~ measures  the  
ro t a t i on  a round  l ink 8 - - 9  and  is defined posi t ive  when a toms  A and  D move  
t o w a r d  nega t ive  z values  for 6r = 0. 
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Fig. 3. Projections on the xy- and the xz-plane of the most likely conformations for the eis- 
trans isomer (0~ = 40 ~ fl = -15  ~ and for the eis-ci8 isomer (a = 35 ~ fl = -30~ The dashed 

line shows the predicted polarizat~ion of the fundament~al absorption band 
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In  order to describe the spatial orientation of the polarization vector M of the 

absorbed light, we define: 0 ~ g/2 as the angle between M and the z-axis and 

~ ~ < 7~/2 as the angle between the x.axis and the projection of M on the 
2 - -  

xy-plane. Fig. 3 shows the projections of the predicted conformations for the 
eis.trans and cis-cis isomers on the xy- and xz-planes. 

The two steric energy factors we consider are: 
i. The repulsion energy for pairs of atoms having a distance smaller than the 

"touching distance" calculated using the Kitaygorodsky formula [9] : 

where r is the actuM distance and r o the touching distance obtained by  adding 
the Van der Waals '  atomic radii. The value of r 0 of 2.4 A for hydrogen has been 
taken from Panling's table [10]. 

2. The resonance energy ER of the ~-electrons has been calculated in the Itfickel 
approximation in which all Coulomb integrals have been set equal to ~ and all 
resonance integrals for the planar conformation have been set equal to rio. The 
variation of the energy of the ~-electrons, as a result of the rotation around the 
"single bonds" has been calculated using the relation: 

~o = ~o=o cos 0 (2) 

where 0 is the twisting angle, i.e., ~ or fl in the present context. The value for fl0 
was taken as t8 kcal .mole -1 [11]. The total  energy of the electrons can be defined, 
in this approximation, as: 

ET = /~z  + E~.  (3) 

The results of the calculation of ET as a function of the rotation angles a and fl 
are shown in Fig. 4. Minima are predicted at  g = 40 ~ fl = -- 15 ~ for the eis.trans 
isomer and at  c~ = 35 ~ fi = - 30 ~ for the eis-cis isomer. 

B) Pariser-Parr-Pople Calculations 

Classical Pariser-Parr-Pople calculations have been performed using atomic 
orbitals obtained from the usual Slater atomic orbitals by  a LSwdin transforma- 
tion [i2]. In  the present work, we have used a 16 • 16 configuration interaction 
matr ix  for the singly excited states involving the single particle orbital jumps 
between the 4 highest occupied energy levels and the 4 lowest virtual orbitals. 

The PLATT notation [13] for the molecular states of the isomers of diphenyl- 
butadiene is given in Tab. t .  

Parameters 

The diagonal core integrals I ~  are given by  [14]: 

I ~  = I~ -- ~ (A I PP) - ~ (qq ] PP) = U~ -- ~ (qq I PP) (4) 
.t q ~  q ~ p  

where I~  is the valence state ionization potential of a tom p. We have used the 
value Ucarbon = -  9.5 eV which gives satisfactory values for the ionization 
potentials in hydrocarbons. For the off-diagonal core integrals Ipq we have 
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Table i. Ground and singly excited states o] 1,d-diphenyl-l,3-butadiene~ 

63 

Spin Configurations Platt Notation Symmetry Species 
Configuration States C2a C~ 

~o ~e~l  ~ ~A A~ A' 

~,~,~, ~ , / g  ~,~B B~ A' 

~,~r v~e /~w~ B~ A' 
~.3~6,9, ~v~e~/~g ~,SG B~ A' 

~'~,~o' v~e~/~h A~ A" 
l'a~5,10, v2v~e~f2h .Bu A" 

1'3~)5,11, V~V~e2PWi Ag A" 
i,a~55,1~, v2v~e~]2w2 1,all B.  A' 
1 ,~ , l  i, ~ie~/~wi B~ A ' 

1,s~7,~, v[v~e/2g 1.3C Ag A' 
1,8~s,10, v~[e2! h A~ A' 

16 singly excited states have been included in the calculations. 

maintained the Pariser-Parr value for benzene ba t  have slightly modified the 
empirical relationship [t5] : 

i;o~o o~s (5) 

for the other distances. This choice of I~oq reproduces more accurately the value 
of the transition energy for the fundamental  band of the trans-trans isomer: 

.R (h) /;o~e (eV) 

i.33 -2.50 
t.39 -2.39 
i.45 -2.28 

The cosine variation of the core resonance integral for the ~z-eleetrons as a result 
of rotation around "single bonds" was calculated from Eq. (2). 

In  the zero-differential-overlap approximation the only non-vanishing Coulomb 
repulsion integrals are the one-center integrals (pp ]pp) and the two-center integrals 
(PPlqq)" The one center integrals (pp[pp) were evaluated using the Pariser 
relation: 

(pp ]pp) = I~ -- A~ (6) 

where I~ is the ionization potential and Ap the valence state electron affinity of 
a tom p [16]. Following AN~o [17], we have used i i .08 eV for (pp [ PP)" The two- 
center Coulomb integrals (pp I qq) were calculated using Roothaan 's  formula. For 
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Table 2. Band assignments/or trans stilbene 

Transition Symmetry Calculated value Observed value 
~(m~) ~ ( m ~ )  

~ B ~ I A  Bu 292 294 
1G+-IA B~ 207 223 
1 H ~ I A  B~ t99 201 

all pairs of atoms p, q which are not nearest neighbors, we have used Slater orbitals 
with ~carbon -=- 1.625. For this calculation, the interatomie distances R have been 
determined from the planar conformations. I t  has been emphasized that  the 
Coulomb integrals for pairs of bonded atoms affect the results essentially through 
their difference with the one-center value adopted. The best fit for this difference 
in carbon compounds requires the use of a reduced value St = 0.830 for the Slater 
screening constants of the carbon atoms [18]. 

The atomic coordinates of the rotated conformations were determined by 
analytical geometry. The oscillator strengths / and the polarization angles O, qP 
were calculated for the rotated as well as the planar conformations. 

The consistency of the parameters used in the present work has been checked 
by  calculations on the isomers of stilbene. The band assignments for trans stilbene 
are given in Tab. 2. The results are satisfactory but  differ from those obtained by 
BEWRIDGE and J~Fr~, [6] who have assigned the bands at 223 m~ and 201 m~ 
to 1H +- 1A and 1G +- 1A transitions respectively. The question of the assignment 
of these bands has been somewhat controversial. The present assignments are in 
agreement with those of DALE [2], SUZUKI [19], and other workers. I t  is interesting 
to note, however, tha t  the assignments of BEVE~IDGE and JAFF~, could be repro- 
duced by employing the charged sphere approximation instead of the Roothaan 
formula for the Coulomb repulsion integrals. 

III. Results 

Pariser-Parr-Pople calculations for the planar conformations of the geometric 
isomers of i,4-diphenyl-l,3-butadiene yield the following results for the wave- 
lengths of the fundamental absorption band: trans.trans 324 m~, cis.trans 33i m~, 
and cis-cis 330 m~. These wavelength shifts are not in agreement with the experi- 
mental values: trans-trans 328 m~, cis-trans 3i3 m~, and cis.cis 299 m~. 

The results of the computations for the non-planar conformations using the 
geometries determined from the energy calculations for the cis.trans and cis-cis 
isomers as well as for the planar trans-trans isomer are given in Tab. 3. An energy 
level diagram illustrating the numerotation of the SCF orbitals is given in Fig. 5. 

The fundamental band for all the isomers is practically entirely accounted for 
by  the single particle jump 8 -- 9' between the highest occupied and the lowest 
unoccupied molecular orbital. The predicted wavelength shift from stilbene of the 
fundamental band in trans-trans 1,4-diphenyl-l,3-butadiene is reasonable on the 
basis of the increase in size of the conjugated system [20]. Furthermore, a blue 
shift is predicted for the cis.cis and the cis-trans isomer as compared to the trans- 
trans species. The calculated oscillator strengths in the cis-trans and cls-cis isomers 
are comparable and smaller than that  of the trans-trans isomer. The predicted 
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Table 3. Band Assignments in 1,d-d@henyt-l,3-butadlene 

Isomer Transition Symmetry Calculated values Observed values 

t(mti) ./ ;tm~x(m~) f 

trans-trans iB  ~ iA B~ 324 1.76 328 t .0 
(planar) 1(/~_ i A B~ 212 t.08 232 0.2 

iH ~- iA B~ 198 0.70 207 ~0.2 

cis-trans iB  ~- iA A" 311 1.02 313 0.7 
cr ~ 40 ~ iG ,-- iA A '  230 0.41 / 
fl = - 1 5  ~ iG ~- iA A'  2t5 0.80 J 240 ~0.4 

cis-cis 1B ~ ~A B~ 297 t . t9  299 0.7 
a = 35 ~ 1C ~ 1A A~ 234 0.t3 / 
fl = - 3 0  ~ iG ~- iA B~ 209 0.79 / < 220 ~0.2 

1G ~- iA Ag 209 0.21 

po la r i za t ion  vec to r  for t h e  trans-trans i somer  is essen t ia l ly  a long  the  long  axis  of  
t he  molecule  in  accord  w i t h  our  ca lcu la t ions  a n d  t he  ca lcu la t ions  of  o thers  o n  
trans s t i lbene.  F o r  t h e  cis-cis i somer  0 - - r e / 2 ,  a n d  t he  p red ic t ed  po la r i za t ion  is 
also a long  t he  long  axis  of  t h e  molecule  in  t h e  "mo lecu l a r  p l a n e "  (i.e., xy-plane) .  
A large a m o u n t  of  conf igu ra t ion  i n t e r a c t i o n  is necessa ry  i n  order  to  a c c o u n t  
a d e q u a t e l y  for t h e  h igher  t r ans i t ions .  Fig.  6 shows a d i a g r a m  of  t he  effect o f  
conf igu ra t ion  i n t e r a c t i o n  for these  bands .  
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Fig. 5. Energy level diagram for the SCF orbitals of trans-trans 1,4-diphenyl-t,3-butadiene 

l~ig. 6. Transition energies for trans-trans t ,4-diphenyld,3-butadiene before and after configu- 
ration interaction 
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The  second ca lcu la ted  b a n d  has  large components  of  the  configurat ion interac-  
t ion m a t r i x  be tween  degenera te  orb i ta l s  local ized on the  pheny l  r ing  and  delo- 
calized orbi tals .  

The highest  energy b a n d  is descr ibed as a t r ans i t ion  be tween  degenera te  
orbi ta ls  local ized on the  pheny l  rings. 

The  b a n d  ass ignments  for all the  geometr ic  isomers are given in  Tab.  3. 

IV. Conclusion 
F r o m  an  examina t i on  of  the  resul ts  we conclude:  
I.  On the  basis  of  the  conformat ions  der ived  f rom energy calculat ions,  a good 

overal l  descr ip t ion  of  the  absorp t ion  spec t ra  of  the  geometr ic  isomers of  d iphenyl -  
bu tad iene  has  been obta ined .  

2. I n  par t i cu la r ,  the  p red ic t ed  wave length  and  in t ens i ty  changes of  the  funda-  
men ta l  band ,  assigned to  a 1B ~- 1A t rans i t ion ,  are in excel lent  agreement  wi th  
exper iment .  

3. The  second t r ans i t ion  has been assigned to be p r i m a r i l y  1G ~- 1A, while the  
t h i rd  t rans i t ion ,  observed  only in the  trans-trans isomer,  is 1H ~- 1A. 

I t  is t e m p t i n g  to  specula te  t h a t  the  lack  of  v ib ra t iona l  s t ruc ture  in the  funda-  
mentM b a n d  of  the  cis-trans and  the  cis-cis isomers is associa ted  wi th  the  re la t ive ly  
shallow po ten t i a l  energy min ima  which have  been p red ic t ed  for these  isomers in 
the  p resen t  work  (Fig. 4). 
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