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Electron diffraction shows that in the vapour the phenyl rings of diphenyl are inclined at 
about 42 ~ This is a compromise between the 2p~-orbital overlap, which tends to keep the 
whole molecule planar, and overcrowding of the 2: 2' and 6: 6 ~ hydrogen atoms which causes 
twisting of the rings to reduce the steric repulsion. A potential function, having an exponential 
form, has been derived, which gives a minimum at the observed angle. 

La diffraction 61ectronique indique qu'en vapeur les anneaux ph6nyles du diph6nyle 
s'inclinent s 42 ~ approximativement. Cet angle est un compromis entre le recouvrement des 
orbitales 2p~ qui tend ~ maintenir plan la mol6cule enti6re, et l'encombrance des atomes 
d'hydrog6ne 2:2 ~ et 6:ff qui font tordre les anneaux pour r6duire !a r6pulsion st6rique. On a 
d~riv6 une fonction potentielle, d'une forme exponentielle, qui aun  minimum s l'angle observe. 

Die Elektronenbeugung zeigt, dab die beiden Ringe des Diphenyls im Gaszustand um 
einen Winkel yon etwa 42 ~ gegeneinander verdreht sind. Dieser Zustand stellt einen Kom- 
promiB dar zwischen der ~_lberlappung der p~-Orbitale einerseits, die das ganze Molekiil planar 
zu halten sucht, und der Pressung der van der Waals-Radien der 2,2 ~ und 6,6'-Wasserstoff- 
atome andererseits, die die Ringe aus der gemeinsamen Ebene herausdreht, um die sterische 
Hinderung abzumindcrn. Fiir die potentielle Energie wurde eine e-Funktion mit einem 
Minimum am beobachteten Winkel hergeleitet. 

X.ray diffract ion studies show t h a t  in the  crysta l l ine  s ta te  d iphenyl  is p l ana r  [9] 
or ve ry  nea r ly  so [12], b u t  e lectron diffract ion resul ts  [1] indica te  t h a t  in the  
vapou r  phase  there  is an  angle of abou t  42 ~ be tween the  p lanes  of  the  pheny l  rings. 
Since in t he  vapou r  the  molecules m a y  be regarded  as free f rom m u t u a l  in te rac t ion  
the  configurat ion in this  s ta te  m a y  be regarded  as an  equi l ibr ium compromise  
be tween the  t endency  towards  p lana r i ty ,  which is p r o m o t e d  b y  pz-orbi ta l  over lap  
across the  bond  be tween  the  rings and  which favours  a lowering of  ~-e lect ron 
energy,  and  t h a t  towards  non -p l ana r i t y  which favours  reduct ion  of steric repuls ion 
energy be tween the  overcrowded hydrogen  a toms  2 and  2', 6 and 6'. 

1. Calculation of ~-electron delocalisation energy across the intcrphenyl bond 
l~or the  p l ana r  d iphenyl  molecule  i t  is a simple m a t t e r  to  calculate  the  t o t a l  

energy of  the  ~-molecular  orbi ta ls  b y  the  usual  Hi ickel  approx imat ion ,  par t i -  
cularly if  group theore t ica l  methods  are  used to  factor ise  the  t 2 th -o rde r  secular  
de t e rminan t  of  C~v s y m m e t r y  into  the  two quar t ies  of the  A x and B I s y m m e t r y  
classes and  the  two quadra t ics  of t he  A S and  B~ classes. W h e n  the  r ings are  no t  
coplanar  the  in terac t ions  firs between neighbouring a tomic  orbi ta ls  on c a r b o n  
a toms  r, s r emain  una l t e red  except  for tha t ,  ill: 1', be tween  the  orbi ta ls  on a toms  i 
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and 1', which becomes ill: i '  cos 0, 0 being the angle by which one ring has been 
rotated ~bout the axis 4 : 1 : t ' : 4 '  with respect to the other. I t  follows that,  within 
the limits of the tIiickel approximation (firs - 0 f f  r and s are not neighbours) 
the A 2 and B~ determinants remain exactly as for the completely planar molecule 
since they do not involve the orbitals on the two-fold axis of the twisted structure, 
and the A 1 and B 1 determinants require 
only the nmltiphcation of i l l :  1' by cos 0. 
Thus pseudo-C2v symmetry remains. 

Now the interphenyl bond, as mea- 
sured by X-ray crystal analysis, is 1.50 A 
long [9, 12] whereas the electron dif- 
fraction spectnim [1] is interpreted as 
showing its length to be 1.48 A. D z w ~  
and SOHMEISING [7] believe that  the 

H tt  H H 
\ / \ / 
,,/;:--T&, 

~. /4' i 'X\ /1 4 X }I 

length of apure a-bond between sp ~ hybridised carbon atoms is 1.48 A and this is 
supported by various other pieces of evidence [10, 13]. We have assumed, there- 
fore, that  the small difference of 0.02 A is significant, that  the bond 1 : 1' is 
stretched a little in the crystalline state to relieve the overcrowding of the hydro- 
gen atoms at 2 and 2' and at 6 and 6', and that  this extension persists for values 
of 0 not greater than 20 ~ i.e. ~ half of the observed 42 ~ twist [1]. 

To calculate the z-electron energy levels for the molecule when C~ - -  C 1, = 1.48 
and t.50 A the corresponding fl-values were inferred from the Lo~Gv~-HmGIss  
and SALE~ [11] relationship as 0.750/7o and 0.710 fl0 respectively, fl0 being the 
interaction integral appropriate to the bond length in benzene, to which the ring 
bonds of diphenyl approximate fairly closely. 

The total z-electron energy is then given, for the ground state, by 

6 6 
(0) = 2 ~ ~ (0) = 12 ~ - 2 #o Y, x~ (0), 

i : I  i =1  

where xi (0) is the "ttfiekel number" (negative for binding orbitals) of the i-th 
molecular orbital, summation being over the six doubly occupied levels. The 
z-electron energy of two isolated 
benzene molecules in their ground 0.2o 

states is 12 ~ + t6 fl0 and hence the 
0./5 "energy of delocalisation" across the , 

bond 1 : 1', i.e., the z-electron stabili- ~% 0./0 
sation gained by untwisting the mole- 
cule, is ~ 4o5 

[~ ] 
Fig. i gives the plot of e~ (0) against 0 
for 0 < 0 < z/2; that  the curve is closely 

/0  ~ 20  o 300 r  50 o 60 o 70 o 80 ~ 90 ~ 

Fig. 1. e:~ (0) against 0 

sinusoidal is shown by the degree of coincidence wi~h the fitted curve (broken hue) 

e. (0) = 0.196 fl0 cos2 0 = --6.375 cos 2 0 kcal/mol (l) 

when/30 is given [8] the value --32.5 keal/mol. 

31" 
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2. The Potential Function for Repulsion between the Hydrogen Atoms 
The form of the repulsive potentials between the hydrogen atoms at carbons 2 

and 2' and at carbons 6 and 6' is not known with certainty. I t  is discussed for 
some similar situations by CovLso~ and H ~ G g  [4]. Most authors use a BVCKI~G- 
~A~ "6-exponential" function [5] 

V (r) = - -At  -~ + _Be -~r (2) 

in which r is the distance between the unbound hydrogens. We have worked, 
however, in terms of the variable 0 and since V (0) clearly decreases with in- 
creasing 0 for 10 I <  ~/2, we shall assume that it may be expressed by an ex- 
ponential function 

V (0) = V 0 exp (--nO 2m) (3) 

the shape of which may be adjusted by means of the parameters n and m, m being 
integral. We have chosen this type of function for its simplicity and because it is 
symmetrical about a maximum at 0 : 0 as the problem requires. V 0 is the empirical 

2 

- 6  

v (o) 

I ~ I I i I [ r 
I0 ~ 200 300 ~0 ~ 50 ~ 60 ~ 70 ~ 80 ~ 90 ~ 

?ig. 2. V (0), sz~ (0), .E (0) agains~ 0 

barrier height for internal rotation due 
to the overcrowded hydrogen atoms 
alone, though this cannot be measured 
in the normal way for diphenyl because 
of the attractive contribution by the 
:~-electrons to the observed barrier. 
We may, however, estimate it as 
follows. The energy difference between 
cis and trans butadiene is found [2] 
from thermodynamic considerations to 
be 2.30 keal/mol. Since the z-electron 
energy in the two isomers is the same 
within the approximations of the 

Htickel theory, this difference must be accounted for by sterie repulsions between 
the hydrogen atoms at the i and 4 positions of cis butadiene since in the trans 
compound no two hydrogen atoms approach within twice their van der Waals 
radius. Now the distance between the 2 and 2' and the 6 and 6' hydrogen atoms in 
diphenyl is very close to that  in cis-butadiene. Hence we take V0 in the former to 
be just. twice the steric hindrance barrier height in the latter. (3) therefore becomes 

V (0) = 4.60 exp (--nO ~m) in kcal/mol. (4) 

3. Minimisation of the Total Energy 

That portion of the total energy of diphenyl which is dependent on 0 is then 
given as the sum of (l) and (4) 

E (0) = 4.60 exp (--nO sin) --6.375 cos 2 0. (5) 

Differentiating and using the fact that  there is a minimum at 0 = 42 ~ we have 

--9.20 m.r~ • 0.73302m-1 exp (--0.73302mn) § 6.375 sin 84 ~ = 0. (6) 

For m = i no value of n makes E (0) a minimum at 0 = 42 ~ but to each greater 
integral m there corresponds a value of n satisfying (6). With m = 2, 3, 4, 5 
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V (0) has a fiat por t ion with I 0 I less t han  20 ~ and decreases a lmost  to zero at  
[ 0 I = 45 or 50 ~ We have  selected (7), with m = 2, 

V (0) ---- 4.60 exp (--7.393 04) (7) 

as the  most  likely of this family  of curves since it has the shortest  fiat port ion 
(I 0 I < i0~ �9 Wi th  m = 3, 4, 5 n ~ 18, 40, 80 respectively.  Curve (7) is shown in 
Fig. 2 along with s ,  (0), the  n-electron energy across the  bond i : i ' ,  and the  
resul tant  energy E (0). We note t ha t  besides the  min imum in E (0) a t  42 ~ a 
shallower m i n i m u m  is found at  0 ~ This m a y  account  for the p lanar i ty  in the 
crystalline s ta te  since only i kcal /mol need be supplied by  the  crystal  forces to 
convert  the twis ted to the p lanar  configuration. 

4. Root Mean Square Amplitude of Twisting 

Taking the potent ia l  well in E (0) a t  0 ~ 42 ~ as shown in Fig. 2, we m a y  
a t t e m p t  to es t imate  the  root  mean  square ampl i tude  of the twist ing of the phenyl  
rings with respect  to each other  by  assuming the mot ion  to be simple harmonic  
and calculating the  force constant  

v (0) = g ~ 0 .  (s) 

The best  fit of  (8) to E (42 ~ is with ~ = 0.003 f rom which, using C~UIOKS~aNK'S 
relat ionship [6] 

- -  2 kT 

~4 

where k and  T are the  Bo l t zmann  constant  and the  tempera ture ,  the mean  square 
ampl i tude q52 is found. Because of uncer ta in ty  in fitting (8) to (5) there  is an 

1 

appreciable  uncer ta in ty  in ~ and hence in ~ 2  but  a smaller uncer ta in ty  in (q52) 3 
for which the value 28 ~ is found, corresponding to a root  mean  square twist  of  
each ring of 14 ~ in opposite directions. The only exper imenta l  evidence which can 
be set alongside this calculation seems to be the inferences of A L ~ ] ~ C l ~ G ] ~  and 
BASTIA~SE~ [1] t h a t  the  probabi l i ty  of  finding the phenyl  rings a t  any  angle 0 
in the  neighbourhood of 42 ~ is quite large and  tha t  to reduce this probabi l i ty  to 
one haf t  of  the  equil ibrium probabi l i ty  the  phenyl  rings would need to be ro ta t ed  
through 17 ~ in opposite directions. 

5. Non-Bonded Repulsion as a Function of r 

I t  is of  interest  to express the  repulsive potent ia l  (7) in te rms  of the  distance r 
between a pair  of  overcrowded hydrogen a toms.  Using the  bond lengths 01C v 

1.490, C1C 2 = 1.398, C2H ~ = i .084 A and the  angle C1C2H2 = i20 ~ 

1 

r ---- (12.4949 --9 .2397 cos 0) Y (9) 

When  (9) is subs t i tu ted  into (7) we have  

V (r) : :  4.60 exp { - -7 .393 [cos -1 (1.3523 - -  0AOS2 r~)] 4 }. (t0) 
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The curve V (r) is shown in Fig. 3. As for most  repulsive potential  functions it 
rapidly approaches zero, doing so, in fact, rather  abrupt ly  at  approximately  

2.6 ~ ,  i.e., at  just over twice the van  der 

L,9 2.0 2.1 2.2 22 2q 2,5 2G 27 

]~ig. 3. V (r)  agaiI~S~ ?' 

Waals radius of  hydrogen (t.2 A). 

6. C-H bending 

The shoulder in V (0) arises, of  
course, f rom the selection of a potential  
of the form (3). In planar  and nearly 
planar  molecules some relief of  steric 
repu]sion can be achieved by  the bending 
of  the C--H bonds (in conjunction with 
the stretching of  the C--U bond) and 
would also have the effect of lowering 
(flattening) V (0) at  low 0. That  such 
bending does occur is revealed by  the 
accurately determined crystal structures 
of certain overcrowded molecules, e.g., 
chrysene [3]. 
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