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The B2H~- ion has been studied using the ab initio SCF method employing a basis set of Gaussian 
orbitals and various semi-empirical methods. The most stable structure appears to be a planar structure 
with two vacant p orbitals rather than a triply bridged structure suggested by analogy with acetylene 
with which it is isoelectronic. The semi-empirical results reinforce earlier conclusions that inclusion of 
charges from neighbouring atoms in iterative Extended Hiickel methods is necessary to satisfactorily 
treat ionic molecules. 

Das B2H~-Ion ist mit Hilfe der ab initio SCF-Methode unter Benutzung eines Basissatzes yon 
GauBorbitalen und mit verschiedenen semiempirischen Methoden untersucht worden. Die stabilste 
Struktur scheint eine planare Struktur mit zwei leeren p-Orbitalen und nicht eine dreifach verbriickte 
Struktur zu sein, wie sic dutch Analogiebetrachtungen am Acetylen nahegelegt wird. Durch die semi- 
empirischen Resultate werden die bereits frtiher erhaltenen Ergebnisse best~itigt, dab zur zufrieden- 
stellenden Behandlung yon Molekiilionen mit iterativen erweiterten Hiickel-Methoden die Beriick- 
sichtigung der Ladungen benachbarter Atome n6tig ist. 

The mass spectrum of diborane is interesting in that it shows a particularly 
large peak at mass number corresponding to the B2 H+ ion. Indeed the appearance 
potentials for BzH ~ and Ba H+ are reported to be identical at 11.9 eV [1]. This 
suggests an unusually stable structure for the B2 H+ ion. This species is also inter- 
esting in that it is the borane isoelectronic to acetylene. One of us [2] has already 
commented on this using a simple Extended Hiickel Method with the parameters 
proposed by Hoffmann and Lipscomb [3] for boranes. Diborane is isoelectronic 
with ethylene and has a structure with the same symmetry and a similar electronic 
spectrum. The diborohydride ion B2H ~- is isoelectronic with ethane and is 
thought [4, 5] to have a structure with the same symmetry containing one B - H - B  
bridge. 

In the course of developing and testing empirical methods based on the Ex- 
tended Htickel Method it is important to correct the difficiences of the simple 
methods of this type for charged species and to test methods for these species 
against more accurate ab initio wave functions. The several possible structures for 
the BzH ~- ion are ideal for this purpose. Ab initio, and semi-empirical methods for 
this species have been studied. Three possible structures have been considered two 
of which are identical to those discussed earlier [2]. 
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Structure I has D3h symmetry with three B - H - B  bridges. It has the same 
structural relation to acetylene as diborane has to ethylene and involves no vacant 
orbitals. Structure II is planar with only one B - H - B  bridge. There are two 
vacant p orbitals on the boron atoms. The twisted form with the terminal groups 
normal to each other is likely to be the preferred conformation. Semi-empirical 
calculations described later indicate that this is so but the planar form has been 
used for the main calculations. Structure III is the simplest structure arising from 
the removal of one hydrogen atom. Geometries were chosen in a simple manner. 
All terminal B - H  bonds were taken as 1.19/~ and all bridge B - H  bonds as 
1.33 A. In structure II the bond angles are 120 ~ In structure III the structure is 
identical to that of diborane with the odd terminal bond moved down into the 
line of the boron atoms. In structure III the angles and thus the B - B  length were 
calculated assuming a sp hybrid pointing to the terminal b o n d  and three equiv- 
alent hybrids pointing to the bridge atoms. This gives a B - B  distance of 1.53/~. 
It should be noted that a similar argument using sp 2 hybrids closely predicts the 
structure of the bridge region of diborane. 

Caleulational Methods 

a) Ab initio Method 

A basis set of 5s-type and 2p-type Gaussian orbitals on the boron atom and 
2s-type Gaussian orbitals on the hydrogen atoms was used. This gives a total of 
32 orbitals. All integrals were calculated, the SCF equations solved and a Mulliken 
population density matrix analysis carried through using the P O LY A TO M 
program [6] obtained from QCPE [7] and modified to run on the ICL 1909 
Computer. Since these calculations on this computer are slow only a limited 
number were made. The Gaussian orbital exponents used were 

B s 0.216 1.076 
B p 0.149 0.878 
H s 0.27 1.8 

5.367 26.677 132.85 

This basis set is identical to the smaller basis set used by Burnelle and Kauf- 
mann [83 for diborane. 

b) Semi-EmpiricaI Methods 

Five semi-empirical methods have been employed - EHM, IEHM, NCC, 
CNDO-A and CNDO-B. EHM is the simple Extended Htickel Method. I E H M  
is an iterative variant in which the diagonal H matrix elements are modified by the 
atomic charge of the same atom. NCC is a further variant in which the diagonal 
H matrix elements are also modified by the atomic charge on all other atoms. 
The NCC method has been studied in detail by Duke and Stephens [9] and an 
outline of the method published by Armstrong, Duke and Perkins [ 10]. CNDO-A 
and CNDO-B are variants in the original Complete Neglect of Differential Over- 
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lap  ( C N D O )  m e t h o d  p r o p o s e d  by  P o p l e  and  Segal [11]. The  five me thods  are  
ident ica l  in all  respects  inc luding  the choice of pa rame te r s  to  me thods  1, 3, 4, 5 
and  6 used by  Arms t rong ,  D u k e  and  Perk ins  [10] for A m i n o b o r a n e .  

Results and Discussions 

Resul ts  of  the  ab initio m e t h o d  will be discussed first as this al lows a p red ic t ion  
of  the mos t  s table  s t ruc ture  and  a basis  for j udg ing  the empir ica l  or  semi-empir ica l  
methods .  

a) Ab initio Total Energies 

Struc ture  II  has  the lowest  energy. Since S t ruc ture  I is ra ther  res t r ic ted in the 
br idge  reg ion  and  has  a high nuc lear  repu ls ion  energy this ca lcu la t ion  was repea ted  
with  the  geomet ry  of  the br idge  region expanded  by  5 %, the t e rmina l  b o n d s  
r ema in ing  at  1.19 A. This  will be descr ibed  as S t ruc ture  I(b) wi th  the  or iginal  
s t ruc ture  as I(a). Resul ts  are  shown in Table  1. All  energies are  expressed in the 
a tomic  unit  of  energy (1 Ha r t r ee  27.21 eV). 

Orb i t a l  energies and  a tomic  p o p u l a t i o n  charges  are r epo r t ed  in Tables  2, 3 
and  4 for c o m p a r i s o n  with  o ther  methods .  The  to ta l  energies are  close. Rela t ive  to  
the  energy of  the lowest  S t ruc ture  II  these are (in Kcals).  

I(a) 18.83 
I(b) 12.68 
III 19.36 

Table 1 

Structure I (a) I (b) II III 

Eelectronic - 80.799 - 79.6961 - 74.4034 - 78,7818 
En~clea r 29.3718 28.2586 22.9457 27,3550 
E t o t a  I - -  51.4277 - 51.4375 - 51.4577 - 51.4269 

Table 2. B2H ~ structure I(a)--Dah 

Orbital energies and atomic charges 
SCF EHM IEHM NCC CNDO-A CNDO-B 

A] --0.8377 -0.5146 -0.5910 --0.7816 -1.0238 -0.9048 
E' -0.8498 -0.5152 -0.6225 --0.8216 - 1.1358 -0.9727 
A~ -0.8932 -0.6258 -0.6961 -0.8936 - 1.1595 - 1.0310 
A~ -1.2870 --0.8064 -0.9218 --1.1484 --1.8148 -1.6138 

qB 0.163 0.577 0.265 0.273 0.041 0.256 
qn t 0.167 --0.126 0.030 0.019 0.124 0.071 
qn-b 0.113 0.033 0.137 0.139 0.223 0.116 
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Table 3. B2 H+ structure II - D2h 

Orbital energies and atomic charges 

SCF EHM IEHM NCC CNDO-A CNDO-B 

Bag -0.7454 -0.5078 -0.5942 -0.7539 -0.9656 -0.8392 
B2u -0.7604 -0.5180 -0.6095 -0.7731 -1.0220 -0.8824 
A o -0.8045 -0,5179 -0.6296 -0.7993 - 1,0595 -0.9209 
Blu -0.9312 -0.7063 -0.7985 -0.9720 - 1.1929 -1.0746 
Ag - 1.0444 -0.7697 -0.8879 -1,0777 -1.4245 -1.2888 

qB 0.512 0.739 0.335 0.425 0.421 0.516 
qn-~ 0.085 -0.126 0.047 0.013 0.043 0.005 
qn-b --0.366 0.026 0.141 0.097 --0.012 --0.049 

Table 4. Total energy 

I II III 

"Correct" total energy 

SCF - 51.428 - 51.458 - 51.427 I I I>  I > II 
CNDO-A - 11.524 - 10.847 - 11.291 II > I I I  > I 
CNDO-B - 5.844 - 6.543 - 6.071 I > I I I  > II 

"Sum of orbital" total energy 

EHM - 5,953 - 6.036 - 5,978 I > I I I  > II 
IEHM - 6,905 - 7.036 - 6.927 I > I I I>  II 
NCC - 8.931 - 8.749 - 8.846 I I > I I I >  I 
SCF - 9.435 - 8.572 - 9.110 I I > I I I >  I 
CNDO-A - 12,539 - 11.329 - 12.051 II > I I I  > I 
CNDO-B - 10.990 - 10.012 - 10.595 I! > I I I  > I 

O n  t h e  b a s i s  o f  b o n d  d i s s o c i a t i o n  ene rg ie s ,  K o s k i  et al. [ 1 ]  p r e d i c t e d  t h a t  

B 2 H  ~ w o u l d  b e  f o r m e d  b y  r e m o v a l  o f  a t e r m i n a l  h y d r o g e n  a t o m  f r o m  d i b o r a n e .  

T h i s  w o u l d  s u g g e s t  S t r u c t u r e  I I I  for  t h e  ion .  T h i s  ab initio c a l c u l a t i o n  sugges t s  

t h a t  t h e  s t r u c t u r e  h a s  a h i g h e r  e n e r g y  t h a n  t h e  p l a n a r  fo rm.  I t  is n o t  o f  c o u r s e  

p o s s i b l e  f r o m  t h i s  l i m i t e d  c a l c u l a t i o n  t o  p r e d i c t  t h e  e n e r g y  n e c e s s a r y  for  S t r u c -  

t u r e  I I I  t o  r e a r r a n g e  to  S t r u c t u r e  II .  S t r u c t u r e  I I I  m a y  t h e r e f o r e  b e  t h e  a c t u a l  

s t r u c t u r e  i n v o l v e d  in  t h e  m a s s  s p e c t r a  resu l t s ,  e v e n  t h o u g h  e n e r g y  w o u l d  b e  

g a i n e d  in  a r e a r r a n g e m e n t  t o  t h e  p l a n a r  f o r m .  T h e  t r i p l e  b r i d g e  s t r u c t u r e  b o t h  o n  

e n e r g y  c r i t e r i a  a n d  o n  t h e  b a s i s  o f  i t s  l a c k  o f  s i m i l a r i t y  t o  t h e  p a r e n t  m o l e c u l e  

s e e m s  u n l i k e l y .  H o w e v e r  s ince  t h i s  s t r u c t u r e  is a n  e l e c t r o n i c  c l o s e d  she l l  t h i s  

s t r u c t u r e  is a p o s s i b i l i t y  if  t h e  B 2 H  ~ c o u l d  e v e r  b e  s t a b i l i s e d  b y  a s u i t a b l e  s o l v e n t  

a n d  a n i o n  in  s o l u t i o n .  T h e r e  is h o w e v e r  n o  e v i d e n c e  for  t h i s  spec ies  in  s o l u t i o n .  

b) Semi-Empirical  Methods  

R e s u l t s  for  t h e  s e m i - e m p i r i c a l  m e t h o d s  a r e  g i v e n  in  T a b l e s  2 a n d  3 for  s t ruc -  

t u r e s  I a n d  I I  as  e x a m p l e s .  R e s u l t s  fo r  s t r u c t u r e  I I I  s h o w  s i m i l a r  f ea tu re s .  T h e  
E x t e n d e d  H i i c k e l  m e t h o d s  a n d  i ts  t w o  v a r i a n t s  s h o w  s i m i l a r  r e s u l t s  to  t h o s e  
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obtained for other positive ions such as the ammonium ion [9]. The orbital 
energies are too high unless neighbouring atom charges are included. The CNDO 
results are similar to those obtained for aminoborane [10]. Orbital energies are 
too low, but the charges are predicted with more accuracy than by the Extended 
Hiickel methods. Similar results are obtained for all three structures. Within the 
Extended Htickel approach it is clearly necessary to include neighbouring atom 
terms. The NCC method gives overall better results than EHM or IEHM for 
both orbital energies and charges. The CNDO methods give good charges but 
with the parameters used in this work they give poor orbital energies. 

Table 4 gives estimates for the total energy for the three structures. EHM, 
IEHM and CNDO-B agree with the SCF results in predicting structure II to be 
the most stable. NCC and CNDO-A however give the reverse of the order of 
stability predicted by the SCF method. No semi-empirical method studied here 
predicts the same order of stability as the SCF method. These results should 
however be viewed with caution. The CNDO methods by using the full Hamil- 
tonian, use the correct expression for the energy within the framework of the CNDO 
approximations. The total energy results, in conjunction with the orbital energies, 
clearly show CNDO-B to be better than CNDO-A. The total energy term for the 
Extended Hiickel methods is a simple sum of orbital energies. Inclusion of the 
additional terms in IEHM and NCC is however equivalent to the inclusion of 
electron repulsion terms and these should perhaps be included in the total energy 
expression. There is however no unique division between one-electron and two- 
electron terms within the IEHM and NCC methods. Work is in hand on testing 
various total energy expressions which include the additional parameters used in 
IEHM and NCC along with nuclear repulsion terms. The simple sum of orbital 
energies is however used for the IEHM and NCC method in Table 4 and there is 
therefore no reason to expect these methods to be better than EHM. 

It is interesting to note that the sums of orbital energies for the NCC method 
and both CNDO methods, are in the same order as those from the SCF functions. 
The sum of orbital energies for the SCF function does not predict the same order 
of stability as the correct total energies. This supports the view that a better energy 
expression needs to be derived for the iterative methods. 

This study of semi-empirical methods confirms earlier work that the NCC 
method gives the best overall agreement with SCF results and that within the 
Extended Htickel method inclusion of terms from neighbouring atoms is essential 
for ionic species. 
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