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By using a very simplified method for determining the deformation and repulsion energy, 
the most stable geometrical structure was calculated for each molecule obtainable from styrene 
substituting one or more hydrogen atoms with methyl or phenyl groups. 

The frequency and the oscillator strength for the z - -  ~' electronic transition were deter- 
mined for the molecules in the calculated geometry. 

The results are in no bad agreement with the experimental data. 

Unter Verwendung einer einfachen Ngherungsmethode zur Bestimmung der Deformations- 
und Abstol]ungsenergie wurde die stabilste geometrische Molekfilstruktur einiger Styrolderi- 
rate  berechnet. Es handelt sich um Verbindungen, die sich vom Styrol durch Ersatz eines 
oder mehrerer ~thenkohlenstoffst~ndiger Wasserstoffatome durch Methyl- oder Phenyl- 
gruppen ableiten. 

Die Frequenzen und Oszillatorenst~Lrken der ~ -  ~'-Elektroneniiberg~nge werden fiir die 
ermittelten Molekiilgeometrien angegeben. 

Bereehnete und experimentelle Werte stimmen nicht schlecht iiberein. 

A l'aide d'une m6thode trbs simplifi6e pour la d6termination des 6nergies de d6formation 
et de r6pulsion, la structure st6rique la plus stable a 6t6 caleul6e pour tous les d6riv6s du 
styrbne qu'on obtient en substituant un ou deux atomes d'hydrog~ne par des groupes m6thyl 
ou ph6nyl. 

La fr6quence et la force oscfllatrice de la transition 61ectronique ~ -  ~' ont 6t6 d6ter- 
min6es pour les g6om6tries calcul6es des mol6eules. 

Les r6sultats ne s'accordent pas real avec les donn6es exp6rimentales. 

I n  the  last  few years ,  the  p rob lem of  the  in te rac t ion  of  non-bonded  a toms  or 
groups in the  same molecule has been the  objec t  of  numerous  inves t iga t ions  [1, 12, 
15, 20]. The in t roduc t ion  of electronic computers  made  the  calcula t ion of  the  most  
s table  molecular  s t ruc ture  possible, even for complex  molecules [12]. Most inter-  
est ing are  the  eases where the  in te rac t ion  forces resul t  in a de format ion  of  the  
molecular  s t ruc ture  f rom wha t  we would  expect  as a resul t  of the  bonding  forces 
alone;  a t yp i ca l  example  is t h a t  of con juga ted  molecules changing the i r  p l ana r  

configuration.  

CocLso~  [5] considered th ree  t ypes  of  non-p lanar  con juga ted  molecules:  the  
po lyphenyl ,  po lynuelear  and  cor rugated- r ing  molecules.  A no the r  case of con juga ted  
molecules undergoing steric de format ion  is t h a t  of e thylene  der iva t ives  conta ining 
a t  least  one pheny l  group bonded  wi th  an  e thylenic  carbon a t o m :  

CGH 5 R" 
\ / 

c = c (I) 
/ \ 

P~ R' 
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The scope of this work is to determine the deformation of molecules of type (I) 
theoretically; R, R ~ and R"  may  be a hydrogen atom, a methyl  or a phenyl 
group. 

Furthermore,  the theoretical results were compared with the molecular struc- 
ture deducted from the study of the ultraviolet spectra of these substances. 

General method 

Owing to the complex structure of the molecules in question, we had to choose 
among many  parameters. Therefore, only deformations whose effect in diminishing 
the steric interaction was prominent were considered. Among these only those 
with a low energy cost were included in the calculation. On this basis, deformations 
of the bonds due to bond-stretching were excluded, because the stretching force 
constants are considerably higher than the bending or the twisting force con- 
stunts [34]. Among the deformations due to twisting, rotation around the phenyl- 
ethy]enic carbon bonds was included, while rotation around the ethylenic bond 
was neglected. In  the bending deformations, we included only the in-plane varia- 
tion of the angles whose vertices bear an ethylenic carbon atom. 

Three terms were taken in consideration: the z-electron energy, the repulsion- 
energy of the atoms whose distance is smaller than the "touching" distance, and 
the bending-energy of the bonds. 

The calculation for each molecule was started on a hypothetical planar 
structure, where the steric interactions were disregarded; for the other configura- 
tions, the energy variation caused by twisting and bending deformations and the 
steric repulsion energy were determined. The difference E between the hypo- 
thetical structure's energy and the deformated structure's energy corresponds 
to the steric energy as defined by  ItILL [13] apart  from zero point energy's 
differences, 

A. Starting from conventional data, the initial planar structure was determined 
by applying the molecular orbital method in Hfickel approximation, without 
inclusion of overlap integrals : we thus obtained the bond orders, from which bond 
distances were determined using COVLSO~'S formula [4]. From the latter distances 
new values for the exchange integrals/~ were obtained and the calculation was 
repeated until a consistent value was reached (zJr < 0.005 A). Hence, we obtained 
the interatomic distances for an assumed planar molecule, and with a rather 
arbitrary value of 120 ~ for sp  2 - -  8p 2 bond angles. In  order to consider the variation 
of fl with respect to the distance C - -  C, several curves or equations have been 
suggested [27]; the calculations shown here have been made using the values of 
MVLLIKn~ and others [I8], while the formula fi =/~ S (S = overlap integral) 
should rather be used in relation to its consistency with the formula for the 
variation of fi due to twisting (see paragraph D). However, the choice of the 
curve/~ = / (r) does not affect considerably the final results. For molecules con- 
taining one or more methyl  groups, the L. C. S~u method [26] was used, 
giving the parameters the following values: 

C~CH3 = See + 3.3 fi0 fie-ella = 0.8 fl0 

where fi0 is the resonance integral for benzene taken as --20 Keal/mole. 
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B. In  each case, the repulsion energy for pairs of a toms having a distance 
smaller than  the " touching"  distance was calculated using the KITAYGORODSKY 
formula [15] : 

Es 0.14 e -13  - -  

where r is the actual distance and % the " touching"  distance, obtained by adding 
Van der Waals '  atomic radii. The values of  the radii have been taken from 
PAVL~a'S Table [21] and corrected according to DOSTROVSKr, HUGHES and 
INGOLD [9] when the line joining the two atoms and the direcr of  the nearest 
bond make an angle smaller than  90 ~ . 

C. The bending energy in the plane of  the bonds has 
:~ been determined by  the formula 

\ - -  E = ~ k (~ --~0)~ \ .  
\ k\ i where ~0 = 120~ and k is the force constant.  The force 
~ ,~ I constant  values for the deformation of  the angles 

- -  ,.. \ \ / . C a l i p h  

, C := and C = C-- have been taken from the 
x\ \\, / / /  

"-,,~_ / c/Carlo l i terature [33]. As for the angle C = was calcu- 
lated by an approximated method  [32] start ing from the 
three stretching and bending frequencies of  styrene given 
in the literature [22]: the result is k - -  i . 35 .  l0 -11 

I i d y n e / c m ,  rad 2 and the same value was obtained from 
~0 ~ ~0 ~ ~he propylene and styrene bending frequencies, assuming 

~ tha t  force constants  are proport ional  to the square of  
Fig.  1. Steric  energy  of  2,2-di- t h e  frequencies. 
methy l - l , l - d ipheny le thy lene ;  
. . . . . .  ~ = ~ = ~20~ D. The energy variat ion of the 7~-electrons, as a result 
y = ~ = 120~ 

= ~ = ~17.5o; r =  ~ = 120o; of  the twisting of  the phenyl groups, was calculated 
. . . . . . . . .  ~ = 117.5~ assuming, for the resonance integral of  the bond where 
y =  6 = 117.5~ 

= ~ = 115o; ~ = ~ = J20 o the twisting takes place, the equat ion:  fla = fia = 0 �9 cos 
where ~ is the twisting angle. As usual, the energy of  

the 7~-electrons was calculated as the sum of the energies of the occupied mole- 
cular orbitals, each energy being multiplied by  the number  of  electrons in the  
corresponding orbital. 

E. Using the energy values calculated in B, C and D, diagrams were drawn 
which enabled us to locate the most  stable configuration, in our approximation.  
For  example, Fig. I shows the curves of steric energy for the molecule of  2,2- 
d imethyl- l , i -d iphenyl-e thylene;  because of  the s y m m e t r y  of  the molecule, the 
angle ~ is the same for either phenyl  group and the diagram is simpler. When  
varies, the  bond distances va ry  accordingly. I n  particular, the "single" bond 
becomes longer and the ethylenic bond becomes shorter (see Tab. i) while the  
distances in the benzenic rings and the distance between ethylenie and methylic  
carbon (when this is present) remain practically unchanged.  Therefore, the cal- 
culation should be done over again start ing from the corrected values of  the  
distances. This was done only for those molecules which, owing to a high value 
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of  the  angle  ~ and  to  a considerable  va r ia t ion  in t he  bond  distances,  would  pre-  
s u m a b l y  bear  a considerable  change in  the i r  final geometr ica l  s t ruc ture .  

I n  every  case, the  geometr ica l  var ia t ions  ob ta ined  af ter  consis tency was 
reached,  resul ted  in exeedingly  small  figures (for example  the  va r ia t ion  of t he  
angle ~ d id  no t  exceed • l~ This is far  below the  l imi t  of  accuracy  for an  ap-  
p r o x i m a t e  calcula t ion such as ours. Therefore,  the  values  ob ta ined  from the  first 
calculat ions were chosen as final values  for all  the  molecules. The geometr ica l  

Table 1 

Compound (a) 

styrene (b) 
~-methyl-styrene 
cis-fl-methylstyrene 
trans-fl-methylstyrene 
cis-2-phenyl-2-butene 
trans-2-phenyl-2-butene 
fifl-dimethylstyrene 
aflfl-trimethylstyrene 

methyl  
groups 

phenyl 
groups 

:Bond lengths 
for the equilibrium configuration (~) 

C--JR~ C--R8 

~1.474 
1.479 
1.494 
t .474 
t.478 
t.500 
t .493 
t .501 

t.346 i t.466 1.466 
I 

1.340 t.480 1.480 
1.342 ! t.490 

1 

1.342 t.490 
! L4791 

1.326 i.500 1.500 
1.326 1.484 1.484 

t .341 ~ .476 

1.341 1.50t ~.501 
1.484 

1.346 t.473 
1.477 

1.499 
1.330 L489 t.489 

trans-stilbene (c) 
cis-stilbene 
trans-a-methylstilbene 

cis-a-methylstilbene 

trans-aa'-dimethyl- 
stilbene 

cis-aa'-dimethylstflbene 

t,i-diphenylethylene (d) 
2-methyld,l-diphenyl- 

ethylene 
2,2-dimethyl-t,t-di- 

phenylethylene 

triphenylethylene (e) 

methyl-triphenyl- 
ethylene 

tetraphenylethylene (f) 

R1 
R~ 
Ra 

R1 R3 
R 1 R~ 
R e Rs 

R1 R2 R3 

R 1.336 
R 1.339 
R !.343 
R 1.340 
/~ 1.341 
R 1.337 
R 1.340 
R 1.340 

i 
1.344 

i 

t.470 t.505 

t.489 1.489 

R1 

R, 

R1 R2 
R1 Ra 

R~ 

R~ Ra 

R R~ 
R Rz 

R 
Ra 
R 
R2 

R Rs 
R R2 

R R~ 
R 
R~ 

R 
R~ 
R2 
R 

R~ 
R~ R 2 R~ 

26 
32 
55 
26 
33 
59 
55 
60 

17 
43 
40 
50 
50 
40 

]] 

\ mole / 

t.63 
2.59 
4.3t 
t.77 
3.76 
4.56 
4.79 
6.26 

3.60 
5.66 

8.02 

6.01 

R a y R s 

(a) general formula 
/ \ 

R~ fl ~ n3 
(b) bond lengths of planar structure (•): 1.35 (C = C); ~ .47 ( C -  R) 
(c) bond lengths of planar structure (A) : 1.35 (C = C) ; i .46 (C - -  phenyl) 
(d) bond lengths of planar structure (A) : 1.35 (C = C) ; i .47 (C - -  R) (C - -  R1) 
(e) bond lengths of ]?lanar structure (A): ~[.355 (C = C); 1.46 (C- -  Rs); t.465 (C--/~)  

( C -  R1) 
(f) bond lengths of planar structure (A) : 1.365 (C = C) ; 1.470 (C - -  phenyl) 

62 10.02 
46 7.54 

6033 } 3.36 

30 5.99 

60 8.79 

30 7.04 
4O 

3o L t 
6060 J 10.32 

42 t1.t2 
I 
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parameters and the steric energy are shown in Tab. I; deviations of the planar 
angles from 120 ~ are not shown, as they in every case resulted below our limit of 
accuracy. 

Discussion 

I t  would be very interesting to compare the calculated geometrical structures 
with experimental data. Unfortunately this is not possible for the lack of experi- 
mental data and only an indirect comparison, through the examination of the 
ultraviolet spectra of these substances will be shown in the following heading. 

The only known experiment is the X-Ray  study of trans-stilbene crystals 
made by t~OBV, aTSO~ and WOO~)WAaD [24] ; they found that  the asymmetric unit 
of the crystal contains two different molecules, in which the twisting angle of the 
phenyl group in respect to the plane of the C H  -- C H  groups is t0.4 ~ and 
2.8 ~ respectively. The angle found here is i7 ~ but it is known that  in a crystal 
lattice forces may  produce a considerable variation of the twisting angles. 
For example, the diphenyl molecule lies in a plane when in the crystalline 
state [7], while the two phenyl groups are twisted by 4 5 ~  i0 ~ when in the 
vapour phase [3]. 

In the group of the stilbene derivatives, it was found that the twisting angle 
in the cis-stilbene is greater than in the trans-stilbene, while the reverse is true in 
the ~, a~-dimethyl derivatives. From the study of the cr it 
appears that the co-methyl group interacts more strongly with the ~ than with 

the cr group. 
From the present calculations, an approximate value for the energy of cis-trans 

stilbene isomerisation may be obtained: assuming no energy difference between 
the isomers in their hypothetical planar structures, the difference in energy 
between the two molecules in their most stable structure is found as 2.06 Kcal/mole ; 
the experimental value estimated from the data of the isomerisation thermal  
equilibrium [14] is 3 Kcal/mole. The agreement seems satisfactory as the difference 
in energy between the two hypothetical planar molecules should be added to the 
theoretical value. 

The styrene derivatives can be divided in four groups: 1. derivatives without 
methyl  groups in the ~ or cis-/~ positions (cis with respect to the phenyl): the 
twisting angle is 26 ~ ; 2. compounds with one methyl  group in the 0r position and 
one hydrogen a tom in the cis-/~ position : the twisting angle is 32 - -  33 ~ ; 3. deri- 
vatives with one methyl  group in the cis-fi position and one hydrogen atom in 
the cr position: the twisting angle is 55~ 4. derivatives with methyl  groups both 
in the c~ and cis-/~ positions: the angle ~ is about 60 ~ Therefore the phenyl 
group shows a stronger interaction with the methyl  group in the cis-fi position, 
a lesser one with an a-methyl  and pratically no interaction with a trans-fl 
methyl  group. 

Using the same approximation as for the stilbene, we found that  the molecule 
of cis-2-phenyl-2-butene is more stable th~n the trans isomer by 0.8 Kcal/mole. 
The corresponding experimental value is not available, but from the composition 
of the mixture when in equilibrium [6], a difference in free energy of the two 
isomers of 0.52 Kcal/mole can be calculated. The sequence of the heats of forma- 
tion in Kcal/mole [35] for a), b), c) is at variance 
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CH 3 ]:I H H H CH 3 
\ / \ / ",,, / 

C=C C=C C~C 
/ \ / \ / \ 

C~H 5 H C6H5 CH3 C6H5 H 

a) AH298 = 27.0 b) dH29 s = 29.0 c) AH2~s = 28.0 

with our E values, but  the differences are smM1 enough to be covered by the 
accuracy of our calculations. 

A similar procedure can be applied to the derivatives of t ,l-diphenylethylene. 
By comparing these compounds with the tri- and tetra-phenylderivatives, it 
appears that  the sterie interaction between two phenyl groups separated by  a 
double bond is smMler than between a phenyt and a methyl  group in the same 
positions, while such interactions are almost coincident when the two groups are 
bonded to the same carbon atom. 

Electronic spectra 

Since the ultraviolet absorption spectra in solution of all the molecules under 
consideration are known, we calculated, for the most stable geometrical structure, 
the energy corresponding to the transition of an electron from the highest occupied 
molecular orbital in the normal state, to the lowest empty  orbital. Such energies 
are expressed in fi units. To obtain the frequency of the maximum in the corres- 
ponding band we chose those values of fl for which the calculated frequency was 
equal to the experimental value found for the styrene, trans-stilbene and l , l -  
diphenylethylene molecules. 

Furthermore, using the MUr~LIKE~ and RIEKE method [19], we calculated the 
oscillator strength for the same transition. Our results, together with those found 
experimentally, are shown in Tab. 2. The wavenumber variations agree fairly 
well with the experimentM data, with the exception of the cis-2-pheny]-2-butene, 
for which our theory gives a bathochrome effect of about 1000 cm -1, while the 
experimental effect has the same magnitude but the opposite direction. However, 
the separation of the cis and trans isomers through fractional distillation, although 
performed very carefully, might have not splitted a possible azeotrope, rich in the 
less volatile component. 

In  addition, the introduction of one or two methyl  groups in the molecule of 
l , l-diphenylethylene, does not cause any displacement of the first absorption 
band of these substances, whereas our theory foretells a hypsochrome effect. 

As a whole, the agreement may  be deemed to be satisfactory, in consideration 
of the following points: a) ours was a simplified theory; b) tIiickel 's method is 
not the most suitable method for determining the electronic transition energies; 
and c) the solvent effect was not taken into consideration. 

The comparison between the theoreticM and the experimental " / "  values may  
also be considered satisfactory, bearing in mind the inaccuracy which takes place 
when evaluating graphically the experimental data, and the approximation of the 
theoretical method when calculating the transition moments. The theoretical 
values are M1 higher than the experimental ones, as it generally happens in these 
cases. The ratios between experimental and theoreticM values vary between 
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fairly narrow limits. I t  is known [16], however, tha t  f values depend largely on 
the shape of the potent ia l  energy curve and  not  only on ~9. 

Discussions about  the influence of displacement from p lanar i ty  on the absorp- 

t ion  spectra of conjugated molecules, have already appeared in  the l i terature [10, 
11, 16] ; in part icular  SUZUKI [29, 30, 31] found the twis t ing angle of the phenyl  
groups in  molecules of type  (I) from the s tudy  of their  spectra. When  m a n y  non- 
symmetr ical  phenyl  groups are present, SvzvKI'S method determines only an 
average of the twist ing angles. Since SUZUKI assumed tha t  the styrene and  the 
t rans-st i lbene molecules were planar,  we recalculated SVZCKI'S angles s tar t ing  
from styrene with ~9 = 26 ~ and  from trans-s t i lbene with ~9 = i7 ~ The results are 
also shown in  Tab.  2. 

Table 2 

Compound 

styrene 
x-methylstyrene 
cis-fl-methylstyrene 
~rans-fl-methylstyrene 
cis-2-phenyl-2-butene 
brans-2-phenyl-2-butene 
fffl-dimethylstyrene 
xfifl-trimethylstyrene 

rans-stflbene 
~is-stilbene 

~rans-a-methylstilbene 

~is-cr 

~rans-~a'-dimethyl- 
stilbene 

,As-aa'-dimeth ylstilbene 

Lriphenylethylene 

alethyl-triphcnyl- 
ethylene 

~etraphenylethylene 

l,t-diphenylethytenc 
2-methyl-t,l-diphenyl- 

ethylene 
2,2-dimethyl-l,l- 

diphenylethylene 

a: our results 

i 

t.653 
1.659 
1.768 
1.626 
1.610 
1.742 
1.723 
1.686 

t.335 
t.486 

t.50t 

1.499 

1.6t5 41130 
t.46237240 

1.328 33830 

1.439 36650 

1.228 31280 

1.508 40320 

1.558 41600 

1.655 44190 
I 

v (cm -~) 

theor, exp 

40320 40320 [25] 
40470 40990131] 
43130 41560117] 
39660 40000117] 
39270 41150[ 6] 
42500 42555[ 6] 
42015 4t770131] 
41110 42050131] 

34000 34000[29] 
37840 35970[ 8] 

38220 36760[28] 

38170 37450[28] 

41070 [28] 
39700[28] 

33500[30] 

36400 [28] 

32390 [30] 

40320131] 

40320[23] 

4032013t] 

b: recalculated SvzvKI's results 
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