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Bent bond and Walsh models for the electronic structure of the highly strained 
bicyclo(1.1.0)butane were critically examined and compared with the available 
PE spectrum. It is found that the bent bond scheme is by far more superior 
to the widely used Walsh semilocalized molecular orbitals. Hence the local 
hybrid orbitals provide a useful aid in assigning and interpreting of PE spectra. 
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I. Introduction 

The highly strained hydrocarbons have been the subject matter of longstanding 
interest due to their unusual properties. Theoretical treatments of the electronic 
structure of strained systems widely differ in their levels of sophistication. The 
advanced ab initio calculations have been recently reviewed by Newton [1]. The 
hybridization model introduced by Pauling [2] and later independently by Slater 
[3] proved very useful in disscussing the small ring compounds leading to the 
bent bond description of their electronic structure [4, 5]. Extensive calculations 
performed by using iterative maximum overlap method (IMOM) have shown 
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that noninteger hybridization provides in many instances semiquantitative infor- 
mations on molecular properties [6]. Although the latter were satisfactorily 
reproduced by hybrid orbital basis sets, the photoelectron spectra of strained 
systems [7, 8] were almost exclusively interpreted in terms of the Walsh model 
developed first on cyclopropane [9]. The widespread use of the Walsh model was 
based on its utmost simplicity. However, it became clear recently that the Walsh 
model has some inherent shortcomings. For example, its application to bicyc- 
lopropyl and related compounds required significant admixture of Walsh virtual 
antibonding orbitals [10]. A thorough analysis of Heilbronner et al. [11] has 
shown that F6rster-Coulson-Moffitt (FCM) bent bond orbitals are by far more 
suitable for interpreting the PE spectrum of cyclopropane than Walsh (W) orbitals. 
True, both approaches yield the same final wavefunction if the computation is 
carried out far enough. However, the FCM semilocalized orbitals are so close to 
the final ones that the last step involving CI with the corresponding virtual MOs 
can be omitted. On the other hand the Walsh semilocalized MOs require massive 
CI if the sensible result is to be obtained at all. 

In this paper we examine the simple bent-bond (BB) and Walsh (W) models for 
the description of the electronic structure of bicyclo(1.1.0)butane which has a 
number of remarkable features [12]. The early maximum overlap treatment 
indicated appearance of the twisted covalent bonds, i.e. bonds which exhibit out 
of plane bending in addition to bending in the planes of the three-membered 
rings [13]. This has been later confirmed by INDO and ab initio calculations of 
local hybrid orbitals performed by Schulman et al. [14, 15]. Alternative description 
of the C--C bonds in bicyclo(1.1.0) butane was offered by Pomerantz and 
Abrahamson [16] who proposed two Walsh-type models. The aim of this work 
is to compare the performance of the BB and W models in interpreting the 
properties of the bicyclo(1.1.0)butane moiety with particlar emphasis to its PE 
spectrum. It will appear that neither of the two Walsh models is suitable for this 
purpose. 

2. Description of approximate models for bicyclo(1.1.0)butane. BB-basis set 

The hybridization inferred from the localized orbitals obtained by the semiem- 
pirical INDO method and the minimal basis set ab initio calculation exhibits very 
low s-orbital participation in the C--C bridge bonding ( -4% of s-character) 
[14, 15]. Concomitantly, the predicted J(C--C) spin-spin coupling constant across 
the central bond was small and negative ( -  -6  Hz)[17, 18], which was later proved 
by NMR measurements [19, 20] to be correct. Hence, the hybridization model 
of Schulman et al. [15] is reasonable. We shall adopt it in a slightly idealized 
form of the ab initio hybridization assuming that the C--C bridge bond is formed 
by two pure p-orbitals inclined by 38.4 ~ to the straight line passing through the 
corresponding nuclei. The peripheral (e.g. CI--C2) bonds are described by the 
spa~ 5~ hybridizations. Since we want to discuss only BB and W semilocalized 
orbitals of the carbon skeleton in bicyclo(1.1.0)butane the C--H hybrid orbitals 
are not of our concern. It is only assumed that the perfect orbital following holds 
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Fig. 1. Numbering in bicyclo(1.1.O)- 
butane and the definition of radial and 
tangential p-orbitals 
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for C - - H  bonds. Since the H - - C - - C  bond angle of the bridgehead C - - H  bond 
is 128.4 ~ [21], it follows that p-orbital bending of the central C - - C  bond is 38.4 ~ 
as mentioned above. In order to enable the comparison between BB and W 
models it is convenient to define the local coordinate systems as shown in Fig. 1. 

We distinguish tangential, radial and axial p-orbitals. The tangential (Pt) and 
radial (Pr) ones are depicted in Fig. 1. The axial (p~) orbitals are perpendicular 
to the corresponding (p,, Pr) pairs so that sequences (p,, p ,  Pa) form the right- 
handed coordinate systems. Finally, the positive directions of Pt orbitals follow 
the right-screw orientation. Then the BB basis set of hybrid orbitals reads: 

h~4 = 0.577(s), + 0.707(pt)1 + 0.254(pr)1- 0.320(p.)1 (la) 

h~2 = 0.577(s)~ - 0.707(p,) 1 + 0.254(pr)~ - 0.320(p~) ~ ( lb)  

h21 = 0.408(s)2 + 0.707(p,)z + 0.577(pr)2 (1 c) 

h23 = 0.408(s)2- 0.707(p,)2 + 0.577(pr)2 ( ld)  

h~3 = 0.784(pr), + 0.621 (pa), ( le) 

where h~4 is the hybrid placed on the atom C1 pointing toward the atom C4 etc. 
The rest of hybrid orbitals is easily constructed taking into account the symmetry 
of the molecule. 
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2.1. W a l s h  bas i s  se t  

The Walsh (W) basis set in cyclopropane consists of the three sp  2 hybrids directed 
from each corner to the center of the equilateral triangle. In addition, each carbon 
employs one tangential Pt orbital for the description of the ring bending [9, 11]. 
The construction of the W basis set is not unequivocal in bicyclo(1.1.0)butane. 
One can imagine two possible schemes [16]. The first scheme, W1, simulates the 
W basis in cyclopropane. Bridgehead carbons contribute two sp 2 hybrids, one 
for each three-membered ring. They overlap with the sp 2 hybrid emanating from 
the methylene group toward the center of the ring. The CH2 group possesses the 
familiar tangential Pt orbitals belonging to the carbon skeleton. However, the 
bridgehead carbons contribute the inclined p-orbitals which describe the bonding 
in the central C1--C3 bond (Fig. 2). They correspond to the h13 orbital (le) of 
the BB basis set. It is easy to see that this W basis is unacceptable. Namely, 
assuming that the geometry determined by microwave technique [21] is essentially 
correct, it follows that the two sp 2 hybrids placed on the bridgehead C1 carbon 
(Fig. 2) should have the interhybrid angle smaller than 60~ 

This is possible in principle if the hybrid orbitals are complex functions [22]. 
Unfortunately, complex hybrids have poor overlapping being thus inappropriate 
for the formation of strong covalent bonds [23]. The sp 2 real hybrids with mutual 
angle of 120 ~ would imply that the H--C1--C 3 angle is 90 ~ This is, however, 
incompatible with the experimental geometry of the bicyclo(1.1.0)butane. Hence, 
the W1 scheme can be safely disregarded. 

The second Walsh scheme (W2) [16] is schematically given in Fig. 3. The difference 
to W1 is small but very important. 

The pair of sp 2 hybrids at the bridgehead carbon (e.g. C1) is replaced by the sp 

hybrid and the tangential Pt orbital. The rest of the W1 scheme is left untouched. 
Although the use of the sp hybrid is somewhat arbitrary, we shall see that the 
W2 scheme is close to the BB basis set discussed in the previous section. For 
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Fig. 2. Walsh sp z model for bicyclo( 1.1.0)butane 
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Fig. 3. Walsh sp-sp 2 model for bicyclo(1.1.0)- 
butane 
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this purpose it is useful to  observe that the Walsh and bent-bond basis sets are 
related in a very simple fashion, if the carbon atoms keep their hybridization 
states unchanged. For instance, denoting the sp 2 hybrid at the C2 center by/92, 
it immediately follows that 

1 
h21 = ~ [P2 § (Pt)2], 

and conversely 

= + [h21 + h23], P2 
,/2 

1 
h23 = --~ [p2 - (P, )21 (2a) 

1 
(P,)2 =---~ [h2~- h23]. (2b) 

42 

Analogous expressions hold for the C~ center. Adopting the ab initio hybridization 
parameters of Schulman et al. [14, 15] as in the case of the BB basis, one finds 
out that the Pl hybrid is directed in the region between the wings of the molecule 
making an angle of 51.6 ~ with the C~--C3 bond. In addition, the hybrid pl is of 
the sp ~ composition which can be compared with the sp suggestion of Pomerantz 
and Abrahamson [16]. 

2.2. Construction o f  semilocalized molecular orbitals (SLMO) 

Having defined BB and W basis sets, which are completely equivalent (cf. (2)), 
we can proceed to the formation of semilocalized MOs (SLMOs). The latter 
should reflect the main features of the carbon skeleton in bicyclo(1.1.0)butane. 
The molecule has C2v symmetry and the reducible representation generated by 
the hybrid AOs can be decomposed to the irreducible components as follows: 

I'h = 3AI |174 3B1 @2B2. 

The same result is obtained of course if the W basis set is employed. By using 
the BB set and neglecting overlap in the normalization one can construct approxi- 
mate SLMOs possessing desired symmetry properties. The bonding BB-SLMOs 
are: 

q~'(2al) = (1/x/2)[h13 + h31] (3a) 

q~(1 a2) = (1 / ,~ ) [ -h~4-  h4~ + h43 + h34 - h32 - h23 + h21 + h~2] (3b) 

q~(1 b~) = (1/x/8)[-h14- h41 + h43 + h34+ h32+ h23 - h2~ - hi2] (3c) 

g~(1 b2) = (1/x/8)[h14 + h41 + h43 + h34- h32- h23- h21- h~2] (3d) 

g~'(1 a~) = (1/x/8)[h14 + h4~ + h43 + h34 + h32 + h23 + h2~ + h~2]. (3e) 

The BB-SLMOs (3) and (4) are shown on Scheme 1. The most stable and the 
highest occupied molecular orbitals are denoted by q~'(la~) and q~'(2al), respec- 
tively. Here, the peripheral and central bond orbitals are quite arbitrarily separ- 
ated. The SLMOs ~o'(laj) and q~'(2a~) are of the same symmetry and should be 
mixed together (inner CI). This, however, requires the parametrization of the 
model which will be made at the later stage. One observes (Scheme 1) that the 
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Scheme 1. Ben t -bond  S L M O  energy levels in b icyclo(1 .1 .0)butane  

four most stable occupied SLMOs have 4 positive bond overlaps. The HOMO 
has only one bonding overlap which should be relatively low, because the central 
bond is formed by two pure (and bent) p-orbitals. The ordering of q~ (1 al), q~ (1 b2), 
q~(1 b~) and ~ (1 a2) is made on the basis of the overlap criterion. It was supposed 
that the positive overlap within a ring (e.g. (h14[h43)  a n d  (h141h34)) is more important 
than the positive overlapping between the two wings (like (hzllh4~) and (h21[h43)), 
which is a plausible assumption. We shall see that ordering of occupied levels 
is correct even after the CI with virtual orbitals of  the appropriate symmetry 
(vide infra). 

Let us focus our attention now to W-SLMOs. They are given by the following 
formulas: 

~O(1 b~) = (1 /2) [ (p , )2- (P , )4-  h,3+ h31] (4a) 

q~'(2a~) = (l/x/2)[hl3+ h3~] (4b) 

q,(1 b2) = (1/~/2)[(p,)1 - (P,)3] (4c) 

~O(1 a2) = (1/2)[(p,)2 + (Pt)4 --  ( P t ) l  --  (Pt)3] (4d) 

~0'( 1 a~) = (1 / 2)[pl + P2 + 03 + P4] (4e) 
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and 

~*(2a2) = (1/2)[(p,)2 + (p,)4+ (p,)] + (P,)3] 

~b*(3a~) = (1/2)[p]+p3-(pz+p4)] 

~0"(3 b~) = (1/2)[(p,)2 - (p,)4 + h~3 - h3,] 

qJ*(Zb,) = (1/~/2)[p, - P3] 

~0"(2b2) = (l/~/2)[02 - 04] 

(5a) 

(5b) 

(5c) 

(Sd) 

(5e) 

where the nonbonding SLMOs are denoted by asterisk. They are depicted in 
Scheme 2, where the ordering is obtained anticipating the later calculation of 
orbital energies. However, inspection reveals that the ~b(1 b2) and 4'(1 b]) SLMOs 
have poor overlaps. On the other hand ~'(1 a a), ~O(1 a2) and ~'(2a~) have favorable 
overlaps. In fact, it can be shown that they are identically equal to the correspond- 
ing BB-SLMOs ~p'(la]), ~(la2) and ~p'(2a]), respectively. Since the relations 
between the BB and W-SLMOs are of some interest, we give them here. They 
are obtained by the simple algebra: 

~p'(2al) = 0'(2a]) (6a) 

Bonding revers Antibonding teve{s 

HOMO 
1 bl - -  2 02 

1 b2 ( ~  3 bl 

1 0 2 

2 b2 

2bi 

Energy 
-o~- rol ~ . . . .  

Scheme 2. Walsh SLMO energy levels in bicyclo(1.1.0)butane 

LUMO 
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~(la2) = ~O(la2) 

~(1 b,) = (1/2)[~0(1 b,) + x/2q**(2bO + O*(3bO] 

q~(1 b2) = (1/~/2)[~p(1 b2) + ~*(2b2)] 

~o'( l a , )=  q./( la,). 

(6b) 

(6c) 

(6d) 

(6e) 

One observes that in order to reproduce BB-SLMOs ~o(lbl) and ~(lb2), which 
have good overlap features, it is necessary to mix-in 75% and 50% of the 
corresponding virtual Walsh SLMOs, respectively. It is already obvious that the 
use of W-SLMOs requires massive CI if the satisfactory results are desired. 

2.3. Parametrization of  the BB and W-SLMO models 

In order to put our arguments in more quantitative terms, we need some param- 
etrization. The linear combination of hybrid orbitals (LCHO) was used 
extensively by Meyer and coworkers [24] within the CNDO framework in discuss- 
ing the spectra of some alkanes and cycloalkanes. Instead, we shall keep our 
models as simple as possible particularly because the use of the CNDO scheme 
requires symmetric orthogonalization of the hybrid orbital basis set [25, 26]. This 
would lead to somewhat less transparent approach. The simplest semiempirical 
scheme is offered by the Hfickel approximation which should be slightly general- 
ized since we are dealing with the hybrid AOs instead of ~--orbitals. We shall 
illustrate the actual calculations by the explicit consideration of the BB-SMLOs. 
The compact expressions for orbital energies are obtained if the two-center 
localized bonding and antibonding orbitals are used 

Ao-- (llx/2)[ho+ hji] and A* = ( l lx/2)[h~- hji]. (7) 

The orbital energies of the BB-SLMOs are easily expressed in terms of the Hfickel 
Hamiltonian. This scheme is based on the effective Hamiltonian where it is tacitly 
assumed that molecular energy is a sum of one-electron orbital energies. The 

2 latter can be expressed in terms of the s-characters a~ and a 4 of the hybrid 
orbitals h14 and h41, respectively, and the effective average energies of s and 
p-orbitals 

=(s,I//Is,> (8) 
and  

ap = ( (P~) , I / } I (P , ) , )  = ((P,-)~J/qI(P,-),) = ((P,::,),J/q"l(Pa),) (9) 

where i = I, 2, 3, 4. In other words, it is supposed that as and % matrix elements 
do not depend on the position of the carbon atom in a molecule. In addition, 
the spherical invariance of the p-subshell is assumed to hold. Further, the 
resonance integrals are expressed by the corresponding overlap integrals. 

( hqlI2IIhkt) = K ( holhk~} (10) 

by using only one universal constant of proportionality. The parameters ~s, ap 
and K could be in principle determined by fitting the experimental PE spectrum 
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o f  b icyc lo(1 .1 .0)butane .  This would  be i n a p p r o p r i a t e  for  several  reasons .  First ly,  
we wou ld  in this case pu t  in the mode l  wha t  shou ld  in p r inc ip le  come out  as a 
result ,  i f  the  m o d e l  is adequa te .  Secondly ,  the ma in  goal  is no t  the  r e p roduc t i on  
o f  the P E - d a t a  but  a c o m p a r i s o n  be tween  the b e n t - b o n d  and  Wal sh  schemes  in 

the de sc r ip t i on  o f  the  h ighly  s t ra ined ca rbon  skeleton.  The fo rmer  wou ld  require  
the inc lus ion  o f  C - - H  b o n d  orbi ta ls  which  are left  out  o f  the p resen t  t rea tment .  
There fo re  we shall  rely on some ab initio (STO-3G)  ca lcu la t ions  p e r f o r m e d  on 
c y c l o p r o p a n e  [11]. In  par t icu la r ,  the in tegral  ap = - 8 . 1  eV is adop ted .  Fur ther ,  
the p r o p o r t i o n a l i t y  p a r a m e t e r  K is d e d u c e d  f rom the re la t ion  ~12 : KS12 where  
the subscr ip ts  refer  to the  C1--C2 b o n d  in cyc lop ropane .  Then  the cons tan t  K 
assumes  the va lue  o f  - 1 0 . 9  eV. F ina l ly ,  the  difference be tween  a~ and  ap levels 
is t aken  to be the  same as in the free a tom a~ - ap = - 9  eV [27]. We shall  e m p l o y  
also the  Slater  AOs  in the  rest o f  ca lcu la t ions  to be consis tent  with this  pa ramet r iz -  
at ion.  O u r  extensive inves t iga t ion  o f  hybr id i za t ion  in a large n u m b e r  o f  hydrocar -  
bons  has  shown tha t  the use o f  C lement i  D Z  AOs [28] is advan tageous  [6]. 
However ,  the  whole  scheme is h ighly  app rox ima te .  W h a t  mat ters  is that  the 
a p p l i e d  set o f  a p p r o x i m a t i o n s  is the same for  bo th  BB and  Wal sh  models .  Hence  
the use o f  Slater  AOs  is just if ied.  More  accura te  and be t te r  a p p r o a c h  will give 
s o m e w h a t  different  numbers  but  we feel conf ident  that  it will  not  change  the 
ma in  conclus ions .  

3. Results and discussion 

The orb i ta l  energies  for  the  BB and W - S L M O  mode l s  ob ta ined  with the pa ram-  
e t r iza t ion  desc r ibed  above  are d i sp l ayed  in Table  1 and  Scheme 3. 

The energies  o f  the  l 'a~ and  T a b  levels are -28 .8  eV and  - 1 1 . 2  eV, respect ively.  
Thei r  mu tua l  in te rac t ion  (~ '(1 a l ) [ / t l~ ' ( 2a~ ) )  = -4 .2  eV leads  to the  repu l s ion  and  
shifts the  levels by  ~0 .9  eV to the values  -29 .7  eV and  -10 .3  eV. The co r re spond-  
ing l inear  combina t ions  are: 

~(1 a~) = 0.977q<(1 a~) + 0.212q<(2a0 (1 l a )  

Table 1. Comparison of calculated orbital energies (eV) for bent-bond (BB) model, Walsh 
(W) model and final levels of bicyclo(1.1.O)butane with measured ionization energies (eV) 

BB Model W Model Final Levels I~[7] 

e(q~'2~2) = -2.3 e( qt "2~2) = -2.3 e (@'2a2) = -2.1 
e(~*262) = -2.7 e(~b*3a ,) = -3.7 8((~)'262 ) = --2.7 
e(~0*3al) ~ e(~o*3b,) = 3.7 2(att*3b,) = -4 .0  E ( ~ 3 b l )  = -2.5 
e(~o*2bl) = --5.0 e(~I/*2bl) = -6.6 8 (lffxO*3al) = -3.5 

e(al-r*zb2) = -8.3 e (IJlg*2b 1) = --4.1 
e(~02a~) = --10.3 e(Xtrlb,) = --9.6 E(~2a~) = --10.3 
e(q~io2) = --11.2 e(~2,,) = --10.3 e(qala2) = -11.3 
e(q~tb~) = -11.6 e(~lb2) = --10.4 e(qal b,) = --13.7 
e(~l h) = -- 16.1 e(~l a2) = -- 11.2 e (gPl b2) = -- 16.1 
e(~01a,) = --29.7 e(~la ) = --29.7 e(~jOl) = --29.9 

9.4 
11.3 
11.7 
13.0 



202 M. Eckert-Maksi6 et al. 

B B - m o d e l  

2a 2 

2b 2 

3 a l , 3 b  1 

2b 1 

2a 1 

la 2 
I 

lb~ 

l b  2 

la  1 

f inal levels ( C I )  W - m o d e l  
r * 

2a2 2a 2 

2b 2 

~- . . . . . . . . .  / 3b 1 \, 

\ - ~ - - '5/  3ol " ) "  " .  
~ .  3a 1 

- - - 2 -  % '  , - ' -  

\ ~ ~ - - ~  3b 1 
X\ \ / / "  /1~ ~" \ \ \  I 

\ \ \  \ \  I III \ \  \ \ x \1 
\ \ \~ I I I  \ k \  \ / \  

\ I X \XX\ ~I l l  k \ \ i~ \ 
\ %/ I /  \ \ \ /  \ \ 

\ /  I~1 I \ \  \ 

~,; \ / ~ ( " \ ,  2b 2 

/ / \ \ / \  i u  
/ / ~ ~\  ~\ 2a 1 / / "  / \ \  _ l 

/... _ / _  t_ - -  _ ' , _ ~ _  - - -  / / ,, \ \ 2 a l  

\ l  XX \ l i I I I  m 

/ t X ~\\ l i I / I 
I \ X\ \ 11 I I  i / f /  ' , '%, lb l  ~ / 

I ~ / t .  1111 I i I 

' . . . . . . .  '_,_', lb  t ,/" , 

\ 

',! l a  I .,-' la  1 

Scheme 3. Correlation diagram between the final levels of bicyclo(1.1.0)butane and those of the 
bent-bond (BB) and Walsh (W) model 

~o ( 2 a t )  = -0.212~p'( 1 at) + 0.977q/(2 a t ). (llb) 

The same relations hold for the 0(lal)  and 0(2al) W-SLMOs. The energies of 
the first four occupied BB-SLMOs ~o(2al), q~(la2), ~0(lbl) and ~o(lb2) can be 
compared with the first four ionization potentials of the bicyclo(1.1.0)butane 
[7, 17]. It appears that the ordering of the orbitals is well reproduced even without 
inner-outer CI between bonding and virtual orbitals. The quantitative agreement 
with the experimental data is moderate. However, better accordance could not 
be expected in view of the rough calibration of the model against the STO-3G 
results on cyclopropane and omission of C--H orbitals. On the other hand, a 
good qualitative agreement with the experimental PE spectrum lends support to 
the employed hybridization model of Schulman et al. [14, 15], because the orbital 
energies (AI-10) depend explicitly on the s-characters and/or implicitly through 
the overlap integrals. The W-SLMOs fail to reproduce the experimental ordering 
of highest occupied orbitals. 
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While the 0(2al) and 0(la2) levels are correctly placed since they are equivalent 
to the corresponding bent-bond orbitals, the levels of B symmetry are substantially 
destabilized. Thus, the HOMO is of the B~ symmetry which is contrary to 
experiment. The 0(1 b2) level is also shifted up considerably in disagreement with 
ionization potentials. In addition, the 0(2al) and 0(lb2) levels are practically 
degenerated which is not observed in the PE spectrum. Although the sum of 
orbital energies is not a very good measure of the total molecular energy [29], it 
gives a rough idea of molecular stability. Comparison of the BB and W-SLMOs 
orbital energies indicates that the former scheme is by 14.5 eV more stable. 
Concomitantly, the virtual levels of the B symmetries in the Walsh model are 
very low indicating strong mixing (vide infra). The poor performance of the 
W-model is not surprising because only the most stable C- -C  valence SLMO is 
built from hybrid orbitals possessing high s-content (4a-e). The rest of the 
s-character is shifted to excited state orbitals (5a-e). This explains the fact that 
the 0( lb l )  and 0(lb2) orbitals are too high while the corresponding virtual 
orbitals are too low. Let us concentrate on the CI between the occupied and 
unoccupied orbitals. The BB-SLMOs are left practically untouched with exception 
of ~p(lb~) level which is stabilized by 2.1 eV. The final molecular orbitals for a~ 
and b~ species are: 

qb(1 al) = 0.997~p(1 al) - 0.001 ~p(2al) - 0.0768~*(3al) (12a) 

qb(2al) = 0.005~0 (1 al) + 0.999~(2a0 + 0.044q~*(3a~) (12b) 

(1)(3 a~) = -0.076q~ ( I a l) + 0.044~o (2al) - 0.996 q~*(3 a~ ) (12c) 

qb( 1 b~) = 0.899 q~ ( 1 bl) + 0.421 q~* (2bl) + 0.117~p*(3 bj) (12d) 

qb(2b~) = 0.161 r b~) - 0.569q~*(2b1) + 0.806r b0 (12e) 

qb(3b~) = -0.406q~(lbl)+O.706~o*(2b~)+O.580~o*(3bO. (12f) 

It appears that the first three MOs are quite well represented by approximate 
relations cb(lal) ~ r  ~ ~p(2al) and ~*(3al) ~ ~*(3al). Analogously, 
we can write: ~(la2) = r qb(1 b2) = ~p(1 b2), ~*(2b2) = q~*(2b2) and qb*(2a2) 
r 

The main difference (and drawback) in the W-SLMO scheme lies in the orbitals 
of B~ and B2 symmetry as discussed above. 

Hence we shall give only their linear combination after CI. The qb(lb2) and 
qb(2b2) wavefunctions are: 

qb(1 b2) = 0.7620(1 b2) + 0.648 0*(2be) 

~b(2b2) = -0.648 0(lb2) + 0.7620"(2be). 

The bl levels are described by the W-SLMOs: 

�9 (1 bl) = 0.7940(1 bl) + 0.5770"(2b~) + 0.1880"(3b,) 

qb(2b,) = 0.1490(1 bl) - 0.486 0" (2 bi) + 0.8610*(3 b,) 

(13a) 

(13b) 

(14a) 

(14b) 
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qb(3 b,) = 0.588 ~0 ( 1 b, ) - 0.657 ~O*(2bl ) - 0.472 ~0" (3 b, ). (14c) 

The final molecular orbitals ~ and their orbital energies are identical for both 
BB and W basis set. This is of course expected because BB and W basis are 
orthonormal and can be related by an orthogonal transformation. There is, 
however, a significant difference between them. The bent-bond hybrid orbitals 
provide a more natural choice. They can be combined in a favorable bonding 
fashion when the symmetry adapted SLMOs are formed. They are qualitatively 
in agreement with measured ionization potentials even without CI. Hence, the 
linear combinations of hybrid orbitals with some educated guess or actual calcula- 
tion of overlap integrals might be useful in interpreting PE spectra. On the 
contrary, Walsh basis and corresponding symmetry adapted SLMOs have some- 
times very poor energetic properties and only the proper CI can put the ordering 
of orbitals in line with experiment. 

Our studies of hybridization have shown that hybrid orbitals have very high 
chemical information content. They give quite reliable heats of formation and 
strain energies [30], spin-spin coupling constants across one-bond [31], structural 
parameters of hydrocarbons [32], thermodynamic acidity of C - - H  bonds [33] 
etc. The present analysis and the earlier results of Heilbronner et al. [11] and 
Meyer et al. [24] provide conclusive evidence that local hybrid orbitals offer a 
transparent and powerful tool for assigning and interpreting PE spectra. 

To conclude, we found that one of the two Walsh schemes for bicyclo(1.1.0)butane 
(W2) proposed by Pomerantz and Abrahamson [16] is physically acceptable. The 
corresponding Walsh basis set can be made, after some adjustments, identical to 
the hybrid basis suggested by Schulman et al. [14, 15]. In spite of this identity, 
the Walsh basis is less suitable for the formation of SLMOs. The local hybrid 
orbital basis is intuitively more appealing and leads to the final result in a smooth 
and direct fashion. A good agreement of the BB-SLMOs with ionization potential 
supports the hybridization description of bicyclo(1.1.0)butane advocated by 
Schulman et al. [14, 15]. 
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