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By 

D. R. ARMSTRONG and P. G. PERKINS 

The free-electron model has been used to investigate the ~-electronic structures and spectra 
of two vinylboranes. I t  is conchded that none of the simple F. E. methods is satisfactory 
alone and agreement between calculated and observed spectral quantities is only obtained 
when electron interaction is explicitly included in the calculations. 

Das Elektronengasmodell wurde zur Untersuchung der Jr-Elektroncnstrukturen and Spek- 
trer~ yon zwei Vinylboranen angewendet. Es wurde gefunden, dab keine der einfachen Elek- 
tronengasmethoden allein befriedigend ist and dal~ ein ~bereinstimmen zwischen berechnete~ 
and beobachteten Spektralwerten nur darm orreicht werdcn kann, wem~ die Elektronen- 
wechselwirkung explizit berficksichtigt wird. 

Le module de l'61ectron libre a 6t6 utilis6 pour 6tudier los niveaux d'6nergie 61ectronique 
et los bandes d'absorption de doux boranes vinyliques. C'est trouv6 que les m6thodes simples 
ne sont pas satisfaisantes et l'accord entre les spectrcs calcul6s et observ6s est obtenu scale- 
merit quand l'interaction 61ectronique est comprise dans les caleuls. 

I t  is now accepted  t h a t  a toms  a t t a c h e d  to  t r igonal  boron which have electrons 
in  orbi ta ls  an t i symmet r i c  to  the  molecular  p lane can be involved  in Jr-boncling 
wi th  the  boron a tom.  F u r t h e r  s i tua t ions  ar ise  where the  sur rounding  moiet ies  have  
group orbi ta ls  of  ~ - s y m m e t r y  e. g. the  v iny l  and  phenylboranes .  Such effects 
migh t  be expec ted  to  be mani fes t  in  the  electronic spec t rum of  the  compound  and  
this  po in t  has been discussed b y  o ther  au thors  [6, 9, 19]. GOOD and  RITTER [9], 
using simple Hi icke l  theory ,  ob ta ined  good agreement  be tween  the  observed and  
ca lcula ted  posi t ions of  the  first in tense  electronic bands  in several  v inylboranes .  
The calculat ions  also p red ic ted  small  ~-charges  on the boron atoms.  I t  seemed, 
therefore,  of  in te res t  to  ca r ry  the  calcula t ion of  the  spec t ra l  quant i t ies  fur ther .  

Most o ther  theore t ica l  inves t iga t ions  in boron chemis t ry  have  dea l t  wi th  those 
compounds  in which boron is d i rec t ly  l inked to  n i t rogen [4, 8, 13] and  all have  
been s tud ied  b y  the  L. C. A. O.-M. O. approx imat ion .  I n  this  pape r  we present  the  
resul ts  of  calculat ions  on the  ~r-electronic s t ruc tures  and  spec t ra  of  the  two v iny l  
boranes,  CH 2 - - C H B X  2 and  (CH 2 = CH)2 BX,  based  on free e lect ron models.  
Here  X is a subs t i tuen t ,  such as hydrogen  or the  m e t h y l  group which in te rac t s  
l i t t le  wi th  the  ~-e lec t ron  sys tem of  the  molecule.  This res t r ic t ion  was appl ied  for 
s impl ic i ty  so t h a t  a non-b ranched  core po ten t i a l  only  need be considered.  The free 
e lec t ron models  descr ibed  in  the  l i t e ra ture  have  been ma in ly  used for p red ic t ing  
the  average posi t ions of  the  first t r ans i t ion  bands  of  polyenes  and  dyes,  [la, 14, 15] 
the  h igher  energy bands  being, in  general ,  neglected.  These were ex tended  and  are 
discussed first. E lec t ronic  in te rac t ion  was then  expl ic i t ly  super imposed  b y  
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employing determinantal wave functions built from antisymmetrised products of 
free electron molecular orbitals (A.S.F.E.M.O.) to describe the electronic states 
of the molecules. 

1 .  S i m p l e  F r e e - E l e c t r o n  M e t h o d s  

A non-branched molecule may  be approximated by a narrow cylindrical tube 
inside which the electrons are confined, and if the a-~ separability condition is 
assumed, then the nuclei and a-electrons may  be regarded as providing a core 
potential in which the ~-electrons move. To simplify the situation mathematical ly 
the radius of the tube is allowed to tend to zero (since electronic excitation is 
more readily achieved along the chain than transversely) and so the Schr6dinger 
equation has the one dimensional form, 

d 2 ~ 8 ~2 m . _ 
~x-- ~- + ~ (/~' -- V) ~ = 0 .  (1.1) 

The solution of this problem is well-known [3] and if the external potential is 
infinite and V, being constant, can be assumed to vanish then the eigenfunctions 
are, 

= 

which form satisfies homogeneous Cauchy conditions at each end of the chain. 
The corresponding eigenenergies are, 

3 2 h 2 

E n  - -  8 m L  2 (1.3) 

where L is the length of the potential well. 
The t reatment  need not lose sight of the real three-dimensional nature of the 

molecule nor its true symmetry.  Thus the eigenfunctions in a well where V is 
symmetric are themselves alternately symmetric and antisymmetric to inversion 
through the point L / 2  which corresponds (in a molecule having C2v symmetry)  
to the reflection plane perpendicular to the plane of the molecule. Refinements to 
the simple model have been described in the literature, these include a) superimpo- 
sition of a sinusoidal potential on the well [14] b) allowance for non-infinite end 
walls [1] c) insertion of subsidiary potential wells or barriers to simulate the posi- 
tion of hetcroatoms in the molecule [15]. 

For a system of 2 n ~-electrons, using (i.3), the wavelength of the first electro- 
nic transition band is given by, 

8mc  L 2 (1.4) 
~n--+n+ l = h(2n+l )  

Clearly the magnitude of 2 is sensitive to the quanti ty L since this enters the 
expressions as L 2 and hence it is necessary to consider the best choice of this. We 
cite three possibilities, 

(a) the distance along the chain between the two extreme nuclei. 
(b) as (a) plus one half the average polyene bond length at each end (0.7 A). 
(c) as (a) plus one whole bond length each end. 
For the present purpose this bond length has been taken as the 'long bond' in 

butadienc. (i. e. t.46 A). 
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P~UEDEbTBEI~G and ScHva~ [28] have shown that  direct equivalence between 
L.C.A.O.-M.O. and F.E.M.O. theories may only be established if choice (c) is made. 
In  the section of the paper dealing with simple free electron models the three 
different alternatives have been employed for comparison, but later we have used 
the third exclusively. 

The geometry of neither borane is known, and the following bond lengths have 
been assumed for both compounds. 

C = C 1.35 A as in butadiene 
B -- C 1.55 _~ [average of B -- C 

in BH 3 CO (t.54 A) and in B (CIts) 3 
0.56 A)]. ~) 
Thus for the three choices of L we 
have (a) 5.80 A, (b) 7.20 A, (c)8.72 A 
for div~nylborane. 

2. F o r m  of  the  P o t e n t i a l  

I t  is convenient to consider first 
the divinylborane for which the 
potential,independent of its analyti- 
cal form, is symmetric to a plane b) 
through the B atom. A first approx- 
imation to this may be obtained by 
calculating the potential energy of an 
electron with the assumption that  it 
moves along the line of the nuclei in 
one dimension at a distance b from 
them. This recognises the three di- 
mensional nature of the model whilst 
preserving the simplicity of the one 
dimensional case. The potential en- cJ 
ergy of the electron between 0 and 
L is [16], 

= - -  F Z e f f  e2 (~  - xi/q,) V(x) (2.t) 
i V(b 2 + x~) 

where Z~ ff is the Slater nuclear char- 
ge of the ith atom (C, 3.25; B, 2.25) o 
and b =0.6i  A. The attraction is as- 
sumed zero at distances x / >  a ~ 2 A 

I , ~ [ r 

C~ c 2 B C 3 C~ 

6'~ C 2 B G 3 C~ 
F i g .  1 . 1 ) o t e n t i a l  f u n c t i o n s  f o r  d i v i n y l b o r a n e  

from the ith nucleus. The form of V(x) for divinyl borane is shown in Fig. i a. For 
such a potential function the Schr6dinger equation may only be solved numerically 
and furtherapproximations for which analytical solutions exist have been proposed. 
One such is the finite well [1] in which the potential is of the form, 

Z X  
V(x) = Vo (cos 2 W - l ) .  (2.2) 

(Fig. I b). This allows the SchrSdinger equation to be put in the form of Mathieu's 
equation and the eigenfunctions are then simply Mathieu functions. 

I t/ 

Yvo 

~v 

I 
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I t  is clear from Fig. t a that  neither the simple linear well (with or without 
finite end walls), the regular sinusoidal well, or the "cos ~'' well, are realistic for a 
molecule containing a boron atom and are not therefore expected to yield reliable 
spectral information without arbitrary parameter adjustment. A refinement which 
improves the situation employs a potential which is a step function (Fig. I c) and 
which leads to an exactly soluble barrier problem. The eigenfunctions are alter- 
nately symmetric and antisymmetric about L / 2  as in the simple case. For a poten- 
tial of this form, when the energies are less than the barrier height, the wave 
functions are sinusoidal in the troughs but exponential in the barrier region. The 
latter arises because ((--E~--- Vo) is imaginary here and only tunneling is allowed. 
Thus, 

~fl = Aei<'x + B e - i ~ x  0 < x < L / 2  - a, L / 2  + a < x < L (2.3) 

~ o 2 = C e  -~x -V  Detsx L / 2 - a  < x < L / 2  + a 

8 ~ m  
o~ = H1/~, ~ = V H  (Vo - -  E ) ,  H -- h~ - - 2 a . u .  

Both increasing and decreasing exponential components are needed since the 
antisymmetric wave functions must be zero a t  LI2.  The continuity requirements 
of the functions and their gradients at the barriers lead to the quantum conditions, 

J[ e~(~l'+~)-en(Li2-~) ] } 
sin ~ (L I2  --  a) = K [ [ ~ z ; ) ~ ) :  ~ ;j] e-n (LI2 - a) @ eft (LI2 - a) (2.4) 

for the symmetric levels 
where, 

K = fl sin c~ (L/2 -- a) + a cos a (L/2 -- a) 
2 fi e~ (LI2 - a) 

and for the antisymmetric levels, 

sin ~ (LI2 --  a) = - -  2 K e~ L/2 sinh fla. (2.5) 

The transcendental equations may be solved numerically and in the present work 
this was accomphshed by an Algol 60 programme. The symmetric eigenfunctions 
are attenuated considerably by the barrier and the corresponding energies of a 
simple well of the same length are raised appreciably and converge towards the 
next higher antisymmetric level as the barrier height and width are increased. The 
antisymmetric levels are but little affected by a narrow barrier since they have a 
node at L/2 .  This is the basis of NIKIT~]~'S approximation [21]. Inclusion of finite 
end walls (outside which the wave functions are again exponential) allows for 
ionisation as before. The quantum conditions are then more complex and for the 
symmetric levels, 

- -  cos a (L /2  - a) + sin ~ (LI2 - a) 
Y 

= K t [  efi~i2+O--ei~iU--a' ] ] 
e - ~  (LI2 - a)  + en (LI2 - a)  ~ (2.6) e-fl (512 + a)] ] 

where 

and 

K = COS a (L/2--a)  (cc + ~ )  + sin o~ (L/2 -- a) (fl i a@) 

2 fl e~ (L/2 - a) 

~ =  V H ( V - - E )  

V = height of end walls. 
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Whilst for antisymmetrie levels, 

- -  cos ~ (L/2 -- a) + sin c~ (L/2 -- a) = -- 2 KeZ  L/2 sinh/~a. (2.7) 
Y 

The height of the barrier, V0, may be chosen semi-empirically a priori  as the 
difference between the binding energies of an electron situated on a positively 
charged carbon and a neutral boron atom. For carbon the energy difference of the 
two valence states C (tritritri z )  and C + (tritritri) is t l .22 eV and the corresponding 
quantity for boron is its z-electron affinity in the trigonal valence state, i.e. 
B (tritritri) ~ B -  (tritritri Jr) i.e. 0.96 eV [25]. These are not the only figures which 
may be taken; a combination of the corresponding data for C (sxyz) V~ --, C + 
(sxy) Va and B-  (sxy  ~) V2 -~ B (sxy) V a [11, 26] lead to a barrier height of 11.22 eV 
and a third value, 9.78 eV, may also be derived [11]. 

Calculations were carried out for all three cases so that the effect of small 
variations of the barrier height on the transition energies could be judged. Now 
the above figures refer to free atoms and ff the Virial theorem is to be satisfied then 
the average potential energy difference between the boron and adjacent carbon 
atoms should be twice as great. ( ~  20 eV). I t  seems however that this is a high 
extreme for the molecular situation since the a-electron drift from boron to carbon 
will tend to lower the trigonal z-valence state ionisation potential of carbon 
concomitantly raising that  of boron. The net effect is to lower the potential 
barrier. In  deriving the curve of Fig. I a the Slater nuclear charges appropriate to 
free boron and carbon atoms were used. These should clearly be amended to take 
account of the a-electron distribution and indeed for carbon compounds much 
reduced values have been suggested [1, 18]. 

Other methods a l lowing /or  a heteroatom 

The problem may also be treated by orthodox first order perturbation theory 
employing the unperturbed eigenfunctions of the simple well. This introduces 
integrals of the form f ~fi Vo ~fi dx  as first order corrections to the energies [15]. 
Such a treatment becomes less appropriate with increased barrier height, however. 

I f  the barrier is high but narrow then to a first approximation it attenuates 
only the symmetric wave functions since all others have a node at the mid point. 
This leads to two sets of energy levels [21J, 

h 2 k2 

Eant i '  - -  8 m L  2 

h ~ k 2 2 h 2 
- = * ( 2 . s )  Esym. 8 m L 2 ( 1 - - # ) 2 , •  8~2mVoa(L /2 )  

k = 2, 4, 6 . . . .  

The method is necessarily limited to cases in which the potential is symmetric. 
When the barrier cannot be considered narrow NI t ( ITI~  and Ko~oss  [20] pro- 
posed also a second model in which the energies are approximated by the expres- 
sion, 

E 
-- sin 2 c~ (L/2 -- a )** .  (2.9) 

V0 

�9 a equals 2a on Fig. t (e). 
�9 * a as in eq. (2.3). 
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For energies > V 0 the wave functions are periodic in all regions of the well. This 
m a y  also be used for an unsymmetrical potential. 

3. Results and Discussion 

The results of the calculations made on the symmetrical borane are pres- 
ented first. In  the ground state of divinylborane the two lowest levels are doubly 
occupied and single excitation of any of these electrons to the two lowest 
unfilled levels only were considered. Since the symmetry  of the compound 
is at most C2v both the ground and the excited states are spatially non- 
degenerate and thus the approximate positions of the first three bands may  
be predicted directly from the sequence of energy levels. These are given in Tab. l 
in m~z (~ -~ ~). 

The ultra-violet spectra of divinylmethylborane and vinyldimethylborane 
between 190 and 300 m~z have been measured by  Good and RITTER [9]. The trace 
of the former exhibits an intense main band which has a weak shoulder on the 
low energy side and is also overlapped at shorter wavelengths by  the trailing edge 
of a third band out of the range of observation. The two lower energy bands were 
isolated by Gaussian analysis and in this process a fourth band, on the high energy 
side of the main peak, was uncovered. The procedure was facilitated by  a pro- 
gramme written for the Newcastle University K D F  9 computer. In the spectrum 
of the latter the low energy shoulder was again apparent  and its position was 
fixed in a similar way. The wavelengths (in m~z) and oscillator strengths of the 
peaks are as follows: 

(C~H3) 2 BMe; 252, .0303 ; 22~, .3065; 20i, .1074; 
(C2H3) B (Me)e; 228, .0254; 195, .2820. 

More detailed discussion of these figures will be deferred until later but it is 
immediately apparent  tha t  the first transition band associated with the vinyl 
group which might have been expected to be close to that  of ethylene (162 m~) 
has undergone a pronounced bathochromie shift in both cases. For a symmetric 
potential the lowest energy transition, from the n ' th  to the (n + l ) ' th  level is 
symmetry  allowed and is polarized in the x-direction. I t  should then correspond 
to the lowest energy intense band in both spectra (221, ~95 m~ respectively). In  
the symmetrical borane both overtone transitions (n - I -+ n + t, n -~ n § 2), 
are space-forbidden but are allowed in the non-symmetric case. The appearance 
of the second band at 201 m~z [in (C2H3) 2 BMe] stems from violation of the selec- 
tion rule due to the real 3-dimensional nature of the molecule. A second component 
of transition density in the molecular plane is then allowed. Comparison with the 
figures given in Tab. I may  now be made and clearly none of the simple methods 
can give a satisfactory account of the two bands at 221 and 20~ m~. Independent 
variation of the two parameters V and L does not improve the situation although 
of course either band may  be fitted exactly by an arbitrary choice. Superimposition 
of finite end walls depresses the energy levels of the simple well which, as BAYLISS 
has pointed out [la] is physically more realistic since in the infinite well they 
diverge with increasing quantum number. The eigenvalues of Mathieu's equation 
lead to a prediction for the first energy gap which is far too large even when L is 
increased to 9.8 A. Consequently the second and third energies were not caleu- 
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lated. The improvement at tendant  on a sinusoidal potential encourages the view 
tha t  a flat-bottomed well is an adequate approximation provided that  explicit 
account is taken of the heteroatom, e. g. by  allowing a finite barrier to represent 
it. This is the most important  feature neglected by  the simple models where the 
boron compound is considered simply as a polyene chain. The necessary modifica- 
tions have already been described and the results of their application are listed in 
Tab. 2: In  all eases the length of the well was 8.72 A and the barrier width a 
was taken as 1.55 A, i .  e. from mid-point to mid-point of the B - C bonds. As 
before the energies are measured relative to the bot tom of the well. 

Inspection of the values of Tab. 2 shows that,  as expected, the inclusion of a 
potential barrier simulating the boron atom improves the agreement between the 
observed and calculated positions of the spectral bands. This improvement over 
the simple infinite well is particularly marked when the corresponding figures 
derived for a length of 8.72 A are compared, and is due to the differential effect 
of the barrier oil the symmetric and antisymmetrie levels. Application of perturba- 
tion theory to the problem reverses the sequence of the first and second energy 
levels and is thus not a reliable procedure. Such a result is perhaps not surprising 
from the first order theory. 

Although the agreement is still not completely satisfactory for any particular 
calculation all the other models yield energies which are open to improvement  by  
the inclusion of electron interaction. 

Since nolle of the foregoing methods take this into account singlet and triplet 
states (V and T) are not interdistinguished, tIA~I and RIrED~NB~RG [10] and 
OLSZ~WSI~I [22, 23] have independently incorporated free electron theory into an 
antisymmetrised molecular orbital scheme. As is usual the total  Hamiltonian is 
explicitly defined as the sum of the core Hamiltonian and the electron interaction 

~2 
operator ~ where r and r 0 are the vector distances of electrons i and ?'from the 

origin. The configurational state functions are Slater determinants built from 
antisymmetrised products of free electron molecular spinorbitals. The energy 
of the lowest eonfigurational singlet state is [17], 

,~/~ ~,/2 n/'~ 
= + ~ y ~ (Jt; -- Ki;) .  (3.1) 

~ 0  g,j=0 

The summation runs over all occupied spinorbitals and Jir Kij are the cou- 
lomb and exchange repulsion integrals defined in terms of the free electron 
orbitals. Since the core integrals are the eigenenergies of the initial unperturbed 
problem they can be calculated in the most suitable way by any of the simple 
F. E. methods. 

An elegant technique for the evaluation of all the two-electron repulsion inte- 
1 

grals has been developed by  OLSZEWSKI [22]. Since the enti ty ~ is the 

Green's function for the three dimensional Laplacian operator it satisfies the & 
function equation, 

V 2 G = - 4 ~  d ( r -  to) . (3.2) 

Solution of this equation in cylindrical polar coordinates under homogeneous 



T
ab

le
 2

, 
M

od
el

s 
w

hi
ch

 a
ll

ow
/o

r 
bo

ro
n 

M
et

h
o

d
 

U
n

ap
p

ro
x

im
at

ed
 

W
el

l 
(E

q.
 2

.4
, 

2.
5,

 2
.6

, 
2.

7)
 

N
ik

it
in

e'
s 

A
p

p
ro

x
im

at
io

n
 

(M
od

el
 1

) 

N
ik

it
in

e'
s 

A
p

p
ro

x
im

at
io

n
 (

M
od

el
 2

) 

P
er

tu
rb

at
io

n
 m

e
th

o
d

 

B
ar

ri
er

 
h

ei
g

h
t 

(e
v)

 a 

~1
1.

22
 

b C
 

C~
 

t0
.2

6
 

b 6L
 

9.
78

 
b 6 

11
.2

2 
a b 

10
.2

6 
a b 

9.
78

 
a b 

11
.2

2 

E
1 

2.
02

7 
1.

85
0 

1.
74

1 

1.
99

6 
t 

.8
09

 
t.

7
1

4
 

1.
97

3 
t 

.7
82

 
1.

68
7 

1.
60

0 
i 

.4
40

 

1.
56

7 
1.

41
1 

1.
54

8 
1.

39
3 

2.
13

7 

E
n

er
g

ie
s 

(e
V

) 

E
2 

E
a 

E~
 

8
.8

7
t 

7.
94

5 
7.

46
9 

8.
80

2 
7

.8
9

t 
7.

42
8 

8.
76

2 
7.

86
4 

7.
40

1 

7.
91

0 
7.

02
0 

7.
91

0 
7.

02
0 

7.
91

0 
7.

02
0 

11
.2

2 
4

.3
8

t 

2.
23

1 
7.

74
1 

2.
00

0 
7.

03
4 

1.
89

1 
6.

65
3 

2.
20

4 
7.

52
4 

1.
98

6 
6.

85
7 

1.
87

7 
6.

50
3 

2.
21

8 
7.

42
8 

1.
98

6 
6.

77
5 

1.
87

7 
6.

42
2 

1.
97

8 
6

.4
0

t 
1.

78
0 

5.
68

0 

1.
97

8 
6.

26
8 

1.
78

0 
5.

56
3 

1.
97

8 
6

.t
9

2
 

1.
78

0 
5.

49
6 

4
.2

6
t 

8.
26

5 

2.
36

7 
8.

22
8 

9.
20

1 

~2
~3

 

22
5 

24
6 

26
0 

23
3 

25
5 

26
8 

23
8 

25
9 

27
3 

27
9 

31
8 

28
9 

32
8 

29
4 

33
4 

31
0 

21
0 

P
re

d
ic

te
d

 
S

p
ec

tr
al

 b
an

d
s 

(m
~)

 

~1
--

->
 3

 

21
7 

23
9 

25
2 

22
4 

24
6 

25
9 

22
7 

24
8 

26
2 

25
7 

29
2 

26
4 

29
9 

26
7 

30
2 

20
2 

32
1 

18
7 

20
9 

22
2 

t8
8

 
21

0 
22

3 

18
9 

21
1 

22
4 

2
0

9
 

23
6 

20
9 

23
6 

20
9 

23
6 

18
0 

5~
 

�9
 

�9
 s �9
 

a 
- 

in
fi

n
it

e 
en

d
 w

al
ls

. 
b 

- 
fi

n
it

e 
en

d
 w

al
ls

, 
h

ei
g

h
t 

72
 e

V
. 

c 
- 

fi
n

it
e 

en
d

 w
al

ls
, 

h
ei

g
h

t 
30

 e
V

. 
T

h
is

 v
al

u
e 

w
as

 t
ak

en
 f

o
r 

co
m

p
at

ib
il

it
y

 w
it

h
 t

h
e 

m
ag

n
it

u
d

e 
o

f 
th

e 
b

ar
ri

er
. 

* 
T

h
is

 e
n

er
g

y
 c

o
u

ld
 n

o
t 

b
e 

o
b

ta
in

ed
 a

s 
th

e 
fu

n
ct

io
n

s 
d

iv
er

g
e.

 



78 D.R. A~MST~O~G and P. G. PERKINS: 

Dirichlet conditions for the whole range of the variables yields an integral repre- 
t 

sentation* o f - -  Ir--rol" 
The use of this as the interaction operator in J t j ,  K t j  leads to integrals uni- 

formly convergent in the whole chain region (z, z~). The passage to the lbnit r -~ 0 
is taken after integration (as in Gauss' theorem). This condition must be imposed 

i Zr" because of the ~-function behaviour of ~ at z -- The final forms of the 

integrals are, [23], 

K n m = ~  S i [ ( n + m )  Te] n + m  n m  / + (3.3) 

( o)} 
+ S i  [(n - m)~] ~ + 

n- -~Yb Tbm 

e2 { m2 n 2 } 
S i  (2 m ~ )  - - .  S i  (2 mT~) (3.4) J n m  = ~ 7~ -~ (n 2 _ m e  ) n (n 2 - m 2) m 

e 2 Si  

where n, m refer to the n ' th and m'th free electron MO's and 

7~ 
S i  (x) = si (x) ~ 2 

x 
[sin x dx  . 

si (x)  j x 
0 

In  the present work the eigenfunctions used in expressing the interaction integrals 
were those of the linear infinite well. The integrals most affected by this simplifica- 
tion are those which incorporate symmetric eigenfunctions, notably the lowest in 
energy. The error introduced is expected to be small. 

Elev tronic  states o] the boranes 

Under the influence of a cylindrical potential the wave functions, with the 
exception of the lowest would span the two dimensional representations of the 
axial rotation group. The descent in symmetry due to the real symmetry of the 
molecule completely removes the degeneracy and the electronic states may be 
classified accordingly. 

Planar monovinylborane has Cs symmetry and, since the antisymmetry of 
z-orbitals with respect to the molecular plane is implicit, all its electronic states 
belong to the irreducible representation A'. For divinylborane three planar forms 
are possible. 

* Since in the actual physical model the eigenfunctions vanish on the walls at the small 
value r = a, and z, in general, will not be infinite then it would seempreferable to representthe 
Green's function by aninfinite series of Bessel functions. However, such a series may not be 
readily summable. 
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C~ 
g~ ]G i~ 

I I I 
• x x 

G. 4 ~,. 

( Vo 

(V~, 

(T~, 
where, 

In  model (b) all states are Az whereas for models (a) and (c) single excitations 
from both filled levels generate the states (ground state Vo is 1A1) 

T l s  , V18 , ~,1A1; T14 , VI~ , a,IB1; T2a , V23 , S,IB1; Ts~, V24 , 3,1A 1 . 

The energies of these states relative to Vo are given by [27], 

E~'3 ~/~, a --  E ~ o  = Ia  § ~ (2 Jia -- Kja)  --  I i  
J 

- ~ (2 J~j - K i j )  --  (J~a - K~a) +_ Kia  (3.6) 
] 

and the singlet-triplet separation is 2 Kin.  Since the ground state is not self- 
consistent then configurational interaction with the 1A 1 excited states will lower 
its energy. This may  be included in the framework of the previous scheme by  the 
usual linear variational procedure, 

Ds -- ~ 2~ Ti  s = 1, 2 . . .  (3.7) 

where the }Pi are A.S.F.E.M.O. determinantal functions for states of the same 
spin and space symmetry  (since the Hamiltonian matr ix  diagonalises). The off- 
diagonal elements of the configuration interaction matrices were calculated from 
the expressions [5, 24], 

V~e,)  = V2 { I ~ ,  + ( i i  [ i/C') + 5 (2 ( / / [  i k ' )  - ( / i  [//C'))} (3.8) 

Vj~,} = 2 (i/c' l ]l' } - ( i]  [/C' l ' )  (3.9) 

Tj~,} = -- (i?' I/c' l '} (3.10) 

~2 
(ij ]/cl~ ff ~* (~) ~j (~) ~ ~o~ (~) ~ (~,) dr, d~.  

These integrals are of the form explicitly considered by OLSZEWSKI. The eigen- 
values and eigenvectors of the configuration interaction matrices were obtained 
using a programme based on the Itouseholder-Wilkinson-Sturm sequence method 
[30]. The results of including electron interaction in the previous free electron 
calculations are listed in Tab. 3. The ground state, XA~, was taken as zero for 
reference in all cases and configuration interaction between all electron states 
involving the first four energy levels was included. The squares of the elements of 
the corresponding normalised ground state eigenvectors are grouped in Tab. 4. 

From the first column of Tab. 3 it is immediately obvious that,  for the simple 
well, the inclusion of electron interaction does not compensate for the lack of a 
central potential barrier. •IKITINE'S approximation yields results which are quite 
good and, providing the barrier is not too wide (i. e. does not extend over more 
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Table 4 

v (eV) 11.22 10.26 9.78 

a b a b a b 

State 
vo 
v~ 
Vu~ 

Ground state ', 
depression 

(eV) 

a - wails 72 eV. 

0.957 
0.007 
0.036 

-0.298 

0.953 
0.007 
0.040 

-0.314 

0.956 
0.007 
0.037 

-0.300 

0.953 
0.008 
0.040 

-0.3t6 

0.956 
0.007 
0.037 

-0.301 

b - walls 30 eV. 

0.951 
0.008 
0.04t 

-0.317 

than one atom), it seems to be a very simple and reliable technique. The remainder 
of the figures illustrate that the wells with infinite walls yield energies which are 
somewhat too high but these are lessened by the superposition of finite end walls. 
With end walls of 30 eV and a central barrier 10.26 or 9.78 eV the results for the 
first three transitions correspond fairly well with experiment. The second (1 -~ 3) 
transition is forbidden in free electron theory but is weakly allowed by the C~v 
perturbation and is polarized in the z-direction. Hence on an intensity basis the 
main peak in the spectrum of divinylmethylborane may be assigned to the 
1A 1 -~ 1B 1 transition and the next higher energy band to 1A 1 -,  111. Both the above 
calculations place the first 1B 1 state too high in energy by ~-- 0.4 eV and the first 
1A~ state too low ( ~  0.2 eV). The second totally symmetric singlet state is pre- 
dicted to be out of the range of observation (7.00 eV, 178 m~) and indeed no 
band is observed from 200 m~ down to t80 m~ although there is further absorp- 
tion beyond this point. The shoulder (resolved at 253 m~) is difficult to assign. 
The calculated position of the SBx state would correspond to absorption very close 
to this wavelength but the observed intensity (~-~ 0.03) seems too great for a 
singlet-triplet transition which can, at most, be only very weakly allowed by 
spin orbit coupling. Such bands are generally 10 times less intense. I t  is noteworthy 
that  a similar spread of intensity is observed in ethylene itself, where it has been 
considered, by analogy with oxygen, to be part of the main band system [31]. 

On the other hand BERRY [2] has assigned the weak low energy shoulder which 
appears in the U. V. spectra of alkylated ethylenes (in solution) to the transition 
of an electron from the highest filled C - H bonding orbital to the lowest z* 
orbital. Further discussion of this point, with reference to a series of ~inylboranes, 
will appear in a subsequent publication. 

A third possibility also arises; the vinylboranes undergo a slow reaction at 
room temperature and produce "daughter compounds", which may be dimerie 
[12]. However, since the boron atom in such a dimer would presumably be non- 
planar then we would perhaps expect absorption at higher energies than in the 
monomer. 

Monovinylborane 
The potential function employed in this case is shown in Fig. 2. For simplicity 

the barrier region was assumed to extend from the mid-point of the B -- C bond 
to a point one bond length beyond boron as before. The barrier and end wall 

Theorct. chim. Acta (Bed.), Vol. 4 6 
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V 

heights  and  the  b o u n d a r y  condit ions are the  same as before and  the  energy levels 
are ob ta ined  in a s imilar  way. Since the  po ten t i a l  is not  symmet r i c  here then  
the  invers ion s y m m e t r y  of the  eigenfunctions is lost and  NIKITI~]~'S simplif ied 
m e t h o d  is not  appl icable .  The eigenvalues are, however,  s imply  re la ted  to  

8 

Fig. 2. P o t e n t i a l  for monovinylborane 

those  of  the  symmet r i c  well, the  an t i sym-  
met r ic  levels of  the  l a t t e r  becoming 
the  complete  energy level set which 
yields the  core energies. E lec t ron  and  
configurat ion in te rac t ion  (between ground  
and first exc i ted  singlet  s tates)  was then  
included.  The resul ts  are given in 
Tab.  5. 

Compar ison of  the  d a t a  shows t h a t  
the  overal l  agreement  wi th  exper iment  
(section 3) is good. 

Table 5. Electronic states o/monovinylborane 

Barrier 1At (VI~) 
height (eV) d e 

a 

11.22 b 

a 

10.26 b 
C 

Energies 

E 1 E~ 

2.136 8.231 
1.918 7.442 
t.823 7.034 

2.t07 8.062 
1.905 7.306 
1.796 6.911 

2.095 7.973 
i.891 7.238 
t.769 6.803 

7Al0 
6.539 
6.226 

3AI(T121 

5.832 213 
5.261 236 
4.948 251 

5.696 218 
5A38 241 
4.853 255 

5.6i4 221 
5.084 244 
4.771 260 

d 
e 

6.974 
6.416 
6A31 

a 6.892 
9.78 b 6.362 

c 6.049 

a - infinite walls. - before C. I. 
b - finite walls (72 eV). - after C. I. 
c - finite walls (30 eV). 

7.224 
6.662 
6.356 

7.090 
6.542 
6.262 

7.010 
6.489 
6.182 

172 
186 
195 

175 
189 
198 

177 
191 
201 

4. Electron Densities and Bond Orders 

These have  been defined [28] in t e rms  of  normal i sed  free e lect ron eigenvectors  
which m a y  be subs t i tu t ed  d i rec t ly  in to  the  COULSON equat ions  [7, 29]. The equi- 
valence depends  d i rec t ly  on the  extension of  the  space b y  one bond  length  beyond  
each t e rmina l  a tom.  A l t e rna t i ve ly  e lect ron densi t ies  and  bond  orders  m a y  be 
ob ta ined  b y  in tegra t ion  thus,  

b 

P = Y ~J ~ v* ~J dx (4.1) 
a 

over all occupied orbi ta ls  
where, 

p = ~ e lect ron dens i ty  i f  ab is an  a tom region 
[ bond  order  i f  ab is a bond  region 

and  nj is the  occupat ion  number  of  the  ] ' t h  orbi ta l .  
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Al though  the  above  funct ions are read i ly  in tegrable  in closed form t h e y  are 
mos t  conven ien t ly  eva lua ted  b y  numer ica l  quadra tu re  and  the  figures for the  two 
boranes  are l is ted in Tab.  6. The normal iz ing  cons tants  were ca lcula ted  from a 
combina t ion  of  equat ions  2.4, 2.5 and the  condi t ion  

L /2--a L/ g ~-a L/2.~a 
A ~ ~ sin 2 c ~ x d x + B  ~ ~ e-2~ x d x §  2 ~ e2~Xdx+ (4.2) 

O L/2--a .5/2--a 

Z, 

+ D 2  S sin 2 c r  d x = l .  
L/2+~ 

The two lowest  e igenfunet ions for d iv iny lborane  are shown in Fig. 3. 
I n  all cases an apprec iable  z -charge  resides on the boron a tom in these compounds  

and  the  B - C bond  is mul t i -  
ple. Bo th  fea tures  reflect the  
known elect ron acceptor  pro- 
per t ies  of boron  when l inked 
to  groups  or a toms  provid ing  
electrons in  orbi ta ls  of  z - sym-  
me t ry ,  the  classic case being 
borazine.  

Throughou t  this  p a p e r  the  
subs t i tuen t  X has been con- 
s idered non in te rac t ing  b u t  in 
the  more  read i ly  avai lab le  
v iny lboranes  this  will not  be 
the  case and  subs t i tuen t s  such 
as C1 or N will con t r ibu te  to  
the  R-system. Such effects com- 
pl ica te  the  m a t h e m a t i c s  of  the  
free e lect ron approach  and  are 
pe rhaps  be t t e r  e s t ima ted  b y  
the  L.C.A.O. technique.  

I n  conclusion i t  m a y  be said 
t h a t  the  free e lect ron m e t h o d  
m a y  yie ld  de ta i l ed  and  reason- 
able resul ts  which compare  
qui te  well wi th  exper iment .  
Fu r the rmore ,  these resul ts  are 
not  oversensi t ive  to  smal l  
var ia t ions  in  the  semi-empi-  
r ical  pa r ame te r s  chosen. Ho-  
wever,  there  seems no poss ib i l i ty  
of  quan t i t a t i ve  agreement  wi th  
is t a k e n  of  the  boron a tom.  

Table 6. Bond orders and charge densities 

Vo C1, C4 C2, C3 

4t.22 a 1.020 
b 0.971 

10.26 a 1.014 
b 0.968 

9.78 a 1.003 
b 0.954 

0.9t5 
0.946 

0.930 
0.964 

0.924 
0.970 

B B - C  

0.t3t 0.405 
0.083 0.454 

0.112 0.407 
0.068 0.451 

0.146 0.423 
0.076 0.466 

a - divinylborane, b - monovinylborane. 

/% 
o 

Fig. 3. Bonding free-electron wave functions for divinylborane 

the  exper imen ta l  spec t ra  unless expl ic i t  account  
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