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Population matrices have been calculated from molecular orbital wave functions of 
5T204, B2C14, and B2F 4 in order to understand further the bonding in these molecules which are 
isoelectronie in valence electrons but different in structure. C2H 4 and C3H 4 have been included 
in this study as cheek cases. 

Des matrices d'oceupation on$ 6t6 caleu16es ~ partir des orbitales mol6culaires de N204, 
B2C14 et B~F v afin de eomprendre plus profond6ment la liaison dans ces mol6cules, qui sont 
iso61ectroniques par leurs 61eetrons de valence, mais qui n'ont pas la m6me structure. C2H aet 
CsH a sont consid6r6s dans ee~te 6rude & titre de v6rification. 

Ausgehend -con Molekfilorbitalen werden Besetzungsmatrizen fiir N2Oa, B~Cla und B2F 4 
bereehnet, um die Bindung in diesen ~olekiilen, die in den Valenzelektronen isoelektroniseh 
sind, aber untersehiedliche Strukturen aufweisen, besser zu verstehen. C2H 4 und C3H 4 sind in 
dieser Untersuehung als Priiff/~lle eingeschlossen. 

Introduction 
Electron diffraction [1] and spectroscopic [2] studies show that  N20 a exists in 

the eclipsed (planar) form in the gas phase while similar electron diffraction 
[3, 4, 5] and spectroscopic [6, 7] studies show that  B2C1 a exists in the staggered 
form in the gas phase (Fig. l). Also the barrier to internal rotation in N204 has 
been determined to be 2.9 kcal/mole by spectroscopic means [2], while the barrier 
in B2C14 has been determined to be 1.7 • 0.6 kcal/mole by spectroscopic means 
[7] and 1.8 kcal/mole at room temperature by electron diffraction means [8]. These 
results raise the question as to whether or not they can be interpreted by simple 
quantum theory. In  an earlier investigation [9] we have shown that  extended- 
Xifickel theory [10] energies describe correctly the more stable of the two forms of 
B~Cla and N204 and give reasonable values of the internal rotation barriers. Recent 
work [11, 12] however suggests that  extended-Hfickel theory (EHT) wave func- 
tions may be regarded as much better approximations to self-consistent-field (SCF) 
wave functions than EXIT molecular energies may be regarded as approximations 
to SCF molecular energies. Accordingly we have reopened our investigation and 
in this paper we examine population matrices calculated from EHT wave functions 
in order to gain further insight into the bonding in the two forms of N2Oa, B2C14 
and B2F 4. We also consider C2H a and CaIta as check cases. 

Molecular Coordinates 
The staggered (D2d) molecular conformation and coordinate system are shown 

in Fig. I. The planar conformation is obtained by rotating the u  A 1 -  Y~ 
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Fig. 1. Outline of the staggered (D2a) form of A~Y 4 showing some of the valence atomic orbitals used in this study. 
The ls orbital only was used for H (not shown), the 2s and 2p orbitals were used for B, C, N, O, and F, and the 3s 
and 3p were used for C1, as shown on atom Y2. Not all of the atomic orbitals are shown on every atom for clarity. 
The n interactions between A 1 and A 2 a r e  P x  - -  Px and py --  py. The A s - -  Y1 interaction is between the Px orbital 

on A 2 and the Pz orbital on Y~ 

g r o u p  b y  90 ~ a b o u t  t h e  A 1 - - A  2 axis .  N~Oa [1, 2] a n d  C~Ha [13] are  k n o w n  to  

h a v e  D2a s y m m e t r y  in  t h e  gas  p h a s e  whi le  B2C14 [3--7] a n d  C3H~ [14] are  k n o w n  

to  h a v e  D2a s y m m e t r y  in  t h e  gas  p h a s e  ( the  t h r e e  c a r b o n  a t o m s  in  Cal l  4 f o r m  a 

l i nea r  c h a i n  a long  t h e  r o t a t i o n  axis) .  T h e  c o o r d i n a t e s  for  e a c h  molecu le  a re  l i s t ed  

in  T a b .  I .  T h e  s t r u c t u r e  o f  B~F 4 in  t h e  gas  p h a s e  h a s  n o t  y e t  b e e n  p u b l i s h e d ,  so t h e  

c o o r d i n a t e s  in  T a b .  I a re  t h o s e  of  t h e  p l a n a r  f o r m  in  t h e  c r y s t a l  [15]. 

Table I .  Atomic coordinates (in •) from Re]. [1, 13, 15, 
5, 14] respectively. Coordinates o/the unlisted atoms may 

be derived by symmetry and reference to Fig. 1 

x y z 

NnO4 N 1 0.0 0.0 0.875000 
(D~h) 01 0.0 -1.084985 t.338905 

C2H 4 C 1 0.0 0.0 0.668450 
(D~h) H I 0.0 -0.948319 1.231744 

B2F ~ B 1 0.0 0.0 0.835000 
(D2a) F 1 0.0 - IA43154 1.495000 

B2C14 B 1 0.0 0.0 0.839500 
(D2a) C11 i.507500 0.0 t.734219 

Call a C I 0.0 0.0 1.308800 
(D~a) C 2 0.0 0.0 0.0 

H 1 0.909800 0.0 1.866300 

Method of Calculation 

W e  u s e d  H o ~ ' s  E H T  p r o g r a m  [10] w h i c h  we  m o d i f i e d  to  i n c l u d e  3s a n d  

3p  a t o m i c  o rb i t a l s  [16]. Bes ide s  c o m p u t i n g  t h e  m o l e c u l a r  o rb i t a l s  (MO's)  a n d  
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Table 2. Slater exponentials and valence state ionization 
energies 

Atom Orbital # H ~  

H Is t.000 -13.60 
B 28 1.300 -t5A6 
B 2p 1.300 - 8.3t 
O 2s 1.625 -21.20 
C 2p t.625 -10.77 
N 2s 1.950 -25.56 
N 2p 1.950 -t3A9 
0 2s 2.275 -32.33 
0 2p 2.275 -15.80 
F 2s 2.600 -40.12 
F 2p 2.600 -18.65 
C1 3s 2.033 -25.27 
C1 3p 2.033 -13.69 

eV 

their energies this program also computes the population matrix and charge 
distribution from the filled MO's. Each population matrix element may be regarded 
as a relative bond order between two atomic orbitals which may be compared 
within a molecule or between two conformations of the same molecule. 

For the diagonal Hamfltonian matrix elements we used BAscH, VISTE and 
GRAY'S [17] valence orbital ionization energies, for the off-diagonal Hamiltonian 
matrix elements we used the WOLrSB~G-H~LMHOLZ approximation [18] with a 
value of 2.0 for the constant, and for the overlap integrals we used the usual 
values of the Slater exponential factors (Tab. 2). 

R e s u l t s  

In  spite of the crudeness of the EHT molecular energy calculation, it is gratify- 
ing that  the energies accurately describe the stable forms of C2Ha, C3Ha, Iq20~, and 
B~CI 4 and give reasonable values of the barrier to internal rotation as well (Tab. 3). 
In  the case of B2Fd, the energy calculation predicts that  the two ends of the 
molecule rotate virtually freely about the B 1 - B 2 axis. The differences between 
the barrier energies of N20 4 and B2C1 ~ in this study and our previous one [9] are 
due to differences in the atomic coordinates and differences in valence orbital 
ionization energies. 

Table 3. Barriers to internal rotation 

Molecule Stable Form Barrier 
Theory Expt. Theory ]~xp~. 

keal/mole kcal/mole 

C~H 4 D~h D~h 101.7 ? 
C3H4 D ~  D2~ 36.5 ? 
N~O 4 D2h D2h 2.1t 2.9 
B~CI 4 D2~ D~ 1.67 1.7 - t.8 
B~F~ D~ D~ 0.003 ? 
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Fig. 2. Experimental (0.5 Vo(1--cos 20)) and theore{ical (0.5 Vo(1--cos 20--0.111 sin ~ 9~0)) shape of tlm barrier 
to in~ernal ro~a~ion in B=CI~. The circles are the ealctlla~ed ~heore~ical values 

W e  also ca lcu la ted  the  shape of the  bar r ie r  in B~C1 a to  compare  wi th  HEDBiElCG'S 
expe r imen ta l l y  de t e rmined  curve [8]. H e  found  the  shape  of  the  bar r ie r  to  be 
given b y  V = 0.5 V 0 ( i  - -  cos 20) f rom elect ron diff ract ion da ta .  Our ca lcu la ted  
curve (Fig. 2) agrees ve ry  closely wi th  this  equa t ion  b u t  conta ins  a small  second 
order  correct ion:  V = 0.5 V 0 (1 - cos 20 - 0.11J sin s 20). 

The  first  th ing  we not iced  when we began  our examina t ion  of the  MO wave 
funct ions  and  popu la t ion  mat r ices  was t h a t  the  s taggered  form of C2H 4 is o rb i t a l ly  
degenera te .  This means  t h a t  C2H 4 would  be expec ted  to d i s to r t  a w a y  f rom D24 
s y m m e t r y  according to  the  Jahn-Te l l e r  theorem [19], which says  t h a t  a n y  non- 
l inear,  o rb i t a l ly  degenera te  a r r a y  of  a toms  will d i s to r t  in such a fashion as to r emove  
the  degeneracy.  A cursory  su rvey  of  the  l i t e ra tu re  fa i led to  reveal  t h a t  th is  fact  
has  been po in t ed  out  before.  The  D2a forms of  Call4, N~04, B~Cla, and  N20 4 are no t  
o rb i t a l ly  degenera te .  

I n  s tudy ing  bonding  MO popu la t ion  m a t r i x  e lements  one mus t  decide e i ther  
to  look a t  j u s t  the  posi t ive  off-diagonal  elements ,  which m a y  be considered to  
represen t  bond  s t rengths ,  or to  include the  nega t ive  e lements  as well, which 
p r e s u m a b l y  represent  an t i -bonding  s i tuat ions .  The posi t ive  e lements  m a y  t ake  
a n y  va lue  be tween zero and  a b o u t  L0 whereas  the  nega t ive  values  are nea r ly  
a lways  close to  zero. I n  e i ther  case the  resul ts  are  the  same in this  s t u d y  so we 
have  chosen the  es the t ica l ly  more  pleasing course of d is regarding  the  smal l  
nega t ive  off-diagonal  popu la t ion  m a t r i x  e lements  (i.e. se t t ing  t h e m  equal  to  zero). 

I n  Tab.  4 are shown the  t o t a l  A 1 - Y1 popula t ions ,  which are the  sums of  the  
ind iv idua l  AO pa i r  popu la t ions  for the  two a toms.  Also shown are  the  A 1 - A 2 

T~ble 4. Ax - A s and A 1 - Y1 populations (positive matrix elements only) 

D2h D2rt 

A ~ - u  A ~ - A  2 A~-A~ A ~ - A  s A I - u  A~-A~ A~-As A ~ - A  2 

C2H 4 .8236 .8968 .4269 0 .7853 .8943 .0359 .0359 
C3H 4 .7654 .8998 .2842 .1233 .7968 .8998 .0382 .4265 
NsO 4 .9821 .4331 .0057 0 .9798 .4355 .0005 .0005 
BsC1 a .8390 .8672 .0180 0 .83t5 .8667 .0019 .00t9 
BsF 4 .5051 .8845 0 0 .5050 .8846 0 0 
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Table 5. Non-adjacent atom and A~ - A~ z~ populations in N~Oa, B2C1 ~ and B2F a (positive 
matrix dements only). There are four Ae - Y1 interactions and two each u - Y3 and u - Ya 

interactions in each molecule 

D2a D~d 

A2-Y1 Y~-Y3 To~al ~ A2-Y1 Y 1 - Y a  Total 

Iq20 t .0057 0 .0040 .0097 .00~0 .0044 .0012 .0066 
B2C1 ~ .0i80 .0036 .0002 .02~8 .0038 .0248 0 .0286 
B2F ~ 0 .0004 .0002 .0006 0 .0040 0 .0040 

populations broken down into ~- and n-contributions. The a 's  are the sums of the 
s - s ,  s - P z ,  and p z  - P z  interactions, while zx and ~y represent the P x  - P x  and 
p y  - p y  interactions respectively. The Px orbitals are perpendicular to the molec- 
ular plane in D2~ symmetry  while the p y  orbitals lie in the molecular plane. I t  can 
be easily seen tha t  the zx (out of plane) bond stabilizes the planar form of C2H 4 as 
expected. This same out of plane bond stabilizes the staggered form of C3Ht 
although in this case there are two out of plane carbon-carbon n-bonds, one in 
each half of the molecule, which are rotated 90 ~ with respect to one another. 

I t  would appear from Tab. 4 tha t  both N20 ~ and B2C14 would be stable in the 
planar forms while B2F 4 would rotate freely. I t  is necessary, however, to examine 
the situation somewhat further since the n-populations are so small. In  fact there 
are appreciable contributions from interactions between non-adjacent atoms 
which alter the situation for B2C14 and B~Fa but do not change the situation for 
N20 4. These interactions are shown in Tab. 5. 

In  planar N204 the N 1 - N 2 z interaction is very weak but  still strong enough 
to over-ride any bonding between non-adjacent atoms in the staggered form and 
keep the planar form stable. In  planar B2C14 the B 1 - B 2 z~-bond is stronger than 
the same bond in N2Ot, yet  it is dominated by interactions between non-adjacent 
boron and chlorine atoms in the staggered form. Specffically the P x  orbital on B 2 
bonds with the P z  orbitals on C11 and C12 strongly enough to stabilize the staggered 
conformation of B~C14 over the planar one (Fig. l). The same situation is present 
to a very small extent in B~F 4 suggesting tha t  the staggered form is somewhat 
more stable than the planar form, a result which is in agreement with spectroscopic 
evidence [ 2 0 ] .  

In  conclusion, both the population matrices and the molecular energy differ- 
ences from extended-Hfickel theory yield the quantum mechanical description, 
in agreement with experiment, tha t  C~H~ and N20 4 are stable in the gas phase in 
the planar form while C3H4 and B2C14 are stable in the staggered form. B2F 4 is 
predicted to be nearly freely rotating although very slightly stable in the staggered 
form. 
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