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Calculations have been performed on C1F s using an approximation scheme previously 
developed by the author. Only valence shell s and p orbitals are used in the basis. I t  is found 
that the T-shaped nuclear configuration can be satisfactory explained without the use of 
chlorine 3d orbitals. The calculated charge distribution is found to be similar to that postulated 
by the Gillespie and Nyholm model but with excess electronic charge on the fluorine atoms. 

Rechnungen am C1F a werden nach einem angen~herten SCF-Verfahren durchgefiihrt, 
wobei als Basis nur s- und p-Funktionen verwendet werden. Dabei zeigt sich, dab sich die T- 
Konfiguration des Molekfils auch ohne Einbeziehung yon 3d-Zust~nden des Chlors ergibt. Die 
erhaltene Ladungsver~eilung entsprieht der des Modells yon Gillespie und Nyholm, jedoch 
mit gr5f~erer Elektronendichte am Fluor. 

CIF 3 a fair l 'objet de calculs selon un sch6ma d6velopp6 pr6c6demment par l'auteur. La 
base ne contient que les orbitales s e t  p des couches de valence. La configuration nuel6aire en 
forme de T peut 6tre expliqu6e d'une mani~re satisfaisante sans l'utilisation des orbitales 3d 
du ehlore. La distribution de charge ealeul6e est similaire ~ celle postul6e dans le modble de 
Gillespie et Nyholm avee cependant un excbs de charge sur les atomes de fluor. 

1. Introduction 

Bond  angles of  e lec t ron-r ich  molecules  are p red ic t ed  qua l i t a t ive ly  b y  means  
of  the  Gillespie and  N y h o l m  mode l  of  bond-pa i r  - -  lone-pai r  repuls ions [6]. This 
mode l  is la rge ly  in tu i t ive  and  m a i n l y  r e l a t ed  to  va lence-bond  t heo ry  using hybr id -  
ized a tomic  orbi ta ls .  I n  order  to  form e lec t ron  pai rs  in the  des i red  d i rec t ion  i t  is 
of ten t hough t  to  be necessary  to  use orb i ta l s  unoccupied  in the  g round  s ta te  of  the  
a tom.  Thus  for phosphorus ,  sulfur, chlorine, and  heavie r  non-meta l s  i t  is assumed 
t h a t  unoccupied  d-orbi ta l s  are i m p o r t a n t  for binding.  

There  are ve ry  few q u a n t u m  mechanica l  calculat ions  on e lect ron-r ich molecules,  
m a i n l y  because  the i r  size makes  t h e m  in t r ac t ab le  wi th  accura te  techniques .  
ItAVl~GA and  WIEBE~-GA ca lcu la ted  C1F a and  o ther  in te rha logen  compounds  in a 
Hf icke l - type  a p p r o x i m a t i o n  wi th  only  pg-bond ing  [7]. Thei r  resul ts  give t he  
correct  o rder  of  bond- leng ths  f rom bond-o rde r  considerat ions ,  b u t  no a t t e m p t  was 
m a d e  to  v a r y  the  bond  angles.  ALI [2] used MV~ELL'S  m e t h o d  [16] to cons t ruc t  
bes t  h y b r i d  orb i ta l s  b u t  found  using the  m a x i m a l  over lap  cr i te r ion  for b ind ing  
t h a t  the  p l ana r  regula r  conf igurat ion would  be more  s table  t h a n  the  T-shape  
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experimentally determined [3, 22]. He also performed an approximate MO-LCAO- 
SCF calculation on the regular form and found it not to have a Jahn-Teller distor- 
tion. VOLKOV and DYATK1-NA [24], also using a method of max imum overlap but  
not including 3d orbitals on chlorine, got however a stable configuration in agree- 
ment  with experiment. 

In  order to t reat  the bond angle problem further we report in this paper a 
series of calculations on C1F 8 in various nuclear configurations but  with fixed 
chlorine-fluorine bond lengths. The method used is an approximate MO-LCAO- 
SCF method previously developed by  the author [11]. For a full description of 
the approach we refer to this paper and give here only those details pertinent to 
this specific calculation. 

2. Method 

Only valence shell s and p orbitals were used in the basis formed from CLE- 
M~TI ' s  ground state atomic SCF orbitals [4] orthogonalized against core orbitals 
on the other atoms. The coordinate systems for p orbitals were chosen with parallel 
axes (see Fig. 1). In  this way it can be made relatively simple to change the 

CI- F, 

Table t. Parameters ]or one-center 
Y Coulomb repulsion integrals 

(in Hartrees) 

C1 [3s ] 3s] 0.4563 
[3s ] 3p] 0.4118 
[3p I 3p] 0.4232 

Fig. 1. ~Ioleeular geometry of C1Fa. The z-axis is chosen 
perpendicular to the molecular plane. In the calculations 

reported here a '  has been chosen equal to 

F [2s I 2s] 0.5098 
[2s I 2p] 0.5517 
[2p] 2p] 0.5706 

molecular geometry, but  on the other hand the basis set is in general not symmetry  
adapted. Overlap and kinetic energy integrals were calculated rigorously and the 
atomic orbital energies used were those calculated by  CLEM~NTI [4]. Many-center 
integrals were t reated in the simplest possible manner. Only penetration integrals 
of the types (Ua I shsh), (Ug [ ~h~rh), and (Ug ] zhza)  were included and calculated 
rigorously. Here ah is a valence shell p orbital on a tom h pointing towards a tom 
g and ~r~ is similarly a p orbital on h perpendicular to the g-h direction. Since these 
integrals are very different from each other the Ruedenberg approximation was 
used for the Coulomb part  of them. The exchange par t  of penetration integrals 
were t reated in the same way as the remaining electron interaction terms, i.e. 
with the Mulliken approximation which reduces all integrals involved to those of 
simple Coulomb type. These were further approximated by  a formula first pro- 
posed for ~-eleetrons by  OHNO [17] 

y~j = tl(a ~ § R2..~'I~ 

where t /a  = (yi~ + yjj)/2 and R/j is the internuclear distance. I tar t ree atomic 
units are used throughout. The remaining one-center integrals yl~, were estimated 
from valence state ionization potentials calculated by  H~z]~ and J ~ F w  [8] from 
experimental data  using the " I  -- A" approximation of MOF~IT~ and P A ~ I s ~  
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[13, 18], well known in z-electron theory.  Finally, integrals involving p orbitals 
in various directions were averaged in order to preserve the molecular s y m m e t r y  
under  the Mulliken approxflnation. Of the core-valence interact ion elements only 
orthogonalizat ion terms were kept,  and all core-core interactions were neglected. 
Some of  these approximat ions  can be justified theoretically, others not.  I n  par- 
ticular, the t r ea tmen t  of  electron interactions is deliberate]y superficial, bu t  with 
the main  par t  of  the effective Hami l ton ian  accounted for in a fairly rigorous way  
it was felt t ha t  over-all g round state properties could still be predicted with some 
accuracy.  

The point  group of  C1Fa is C2v with the s y m m e t r y  axis in the C1-F 1 bond and 
with a toms F 2 and F 3 equivalent  to each other  (see Fig. i). The irreducible repre- 
sentations were labelled so tha t  a 1 and b~ are symmetr ic  (a) and a s and b 2 anti- 
symmetr ic  (~) with respect to  reflexions in the molecular plane. 

Calculations were performed for 12 planar  configurations with the bond angle 
a varying from 60 to i20 degrees. All chlorine-fluorine distances were kept  equal 
to 3.123 a.u. (i .653/~) being the mean  value of  the bond lengths determined by  
BU~BA~K and ]~]~Ns~u [3] in the solid state. For  c~ = 120 ~ the point  group of  the 
molecule is D~h with the three-fold axis along the chlorine z-axis. I n  this case 

�9 ! ! t v..' representatmns al, a~, and have ~ s y m m e t r y  and a~ and e" 7~ symmetry .  

3. Results 

I t  is well known t h a t  the l t a r t ree -Fock  approximat ion  gives a negative binding 
energy for the fluorine molecule bu t  still gives a quite good equilibrium bond 
length and other  molecular properties [20, 25]. I n  the light of  this fact  and since 
our  main  interest was in calculating the bond angle, we have not  calcu]ated the 
total  binding energy of  the molecule, bu t  only the energy relative to the symmetr ic  
configuration (~ = i20~ This is great ly  simplified with the use of  constant  
chlorine-fluorine bond lengths. 

The equilibrium angle is es t imated from Tab. 2 to be c~ = 79.2 ~ with an energy 
0.35050 Hart rees  below t h a t  of  the symmetr ic  configuration. This bond angle is in 
sat isfactory agreement  with the experimental  value of  ~ = 87.0 ~ [5]. The bending 

Table 2. Distortion energies and Mulliken valence electron 
gross atomic populations 

a AE p(C1) p(F1) p(F~,s) 

60 0.01180 5.7464 7.4441 7.4047 
65 -0.17404 5.7277 7.429i 7.4216 
70 -0.28977 5.7217 7 . 3 9 8 1  7.4400 
75 -0.33939 5 . 7 2 2 1  7.3629 7.4575 
78 -0.34975 5.7230 7.3418 7.4647 
80 -0.35022 5.7236 7.3275 7.4744 
82 -0.34683 5.7240 7.3137 7.4812 
87 -0.32024 5.7218 7.2800 7.4991 
95 -0.23948 5.7027 7.2321 7.5326 

105 -0.10241 5.6212 7.2152 7.5818 
t15 -0.00923 5.5340 7.3783 7.5439 
120 - -  5.5278 7.4906 7.4908 
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Table 4. Overlap populations between F 2 and F 3 

2s 2p= 2pu 

2s 0.0002 0. 0.0024 
2p. 0. 0. 0. 
2py 0.0024 0. 0. 

and  over lap  popula t ions  wi th  the  gross orb i ta l  popu la t ion  a t  the  b o t t o m  of  each 
column. The  Pz orbi ta l s  have  been o m i t t e d  since t h e y  are ful ly  occupied.  The  
smal l  over lap  popula t ions  t h a t  appea r  in  some cases be tween  orb i ta l s  on the  same 
a t o m  are due to  a non -o r thogona l i t y  resul t ing  from the  pro jec t ion  aga ins t  inner  
orb i ta l s  on ad jo in ing  a toms.  Over lap  popula t ions  be tween  F 2 and  F 3 are r epo r t ed  
in Tab.  4. Tab.  i fu r the r  conta ins  valence e lec t ron gross a tomic  popula t ions  for 
all  ca lcu la ted  bond  angles.  No signif icant  change of  these  quant i t i es  wi th  bond  
angle is shown. 
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Fig. 2. Orbital energies and distortion energy (dotted) as functions of the bond angle c< Energies in Hartree atomic 
units 
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4. Discussion 

A classification of the molecular orbitals for the regular planar configuration 
of an ABa molecule has been given by  WALS~ [26]. With the basis system employed 
here there are t6 molecular orbitals to consider, 12 of which are symmetric (~) and 
4 antisymmetrie (Jr) with respect to reflection in the molecular plane. Starting 
from the lowest energy we can classify the a orbitals into 3 fluorine 2s orbitals, 3 
chlorine-fluorine bonding orbitals, 3 fluorine non-bonding orbitals perpendicular 
to the bond directions, and 3 antibonding orbitals. The ~r orbitals are likewise 
classified into i bonding orbital, 2 fluorine non-bonding orbitals and I antibonding 
orbital. In  a 28 electron system like C1F 3 only the two highest antibonding ~- 
orbitals are unfilled. For a planar distorted molecule it can be seen from Fig. 2 
tha t  the most marked difference is the lowering of the energy of the highest 
occupied molecular orbital, while tha t  of the other occupied orbitals stays more or 
less constant. With smaller bond angles the lone pair interactions however spread 
their energies with a net increase in electronic energy as effect. 

A simple description of the shape of the higher orbitals of the molecule in its 
equilibrium configuration is not possible. However, the population analysis 
throws considerable light on the charge distribution. First to be noted is the polar 
character of the chlorine-fluorine bonds, with excess electronic charge on the more 
electronegative fluorine atoms. As is also clear from the molecular orbital structure 
all ~r orbitals are doubly occupied and do not contribute to the bonding. There is 
a large off-diagonal term in the first order density matr ix  (not shown here) be- 
tween chlorine 3s and 3px orbitals which thus can be transformed into natural  
hybrids in McW EE~ ' S  sense [12] of 8p type. The one with the higher population 
is directed away from F1, and can be described as a lone pair, the other forms a 
CI-F 1 bond pair with a similar hybrid o n  F 1. Bond pairs can be formed between 
chlorine and the two remaining ligands if one splits the C1 2py orbital into its two 
lobes. Thus it is possible to give a description of the charge distribution similar to 
the Gillespie and Nyholm model without using C1 3d orbitals. 

The role of sulfur 3d orbitals in 5T4S 4 was recently discussed by  T~N~lz  and 
MO~TIM~ [23]. They found from calculations in the Wolfsberg-I-Ielmholz approxi- 
mation tha t  no major  changes occur in ground state properties ff 3d orbitals are 
excluded. Though no calculations with chlorine 3d orbitals have been made here 
it still seems clear tha t  they are not essential for the determination of chlorine 
trifiuoride bond angles. However, a basis set involving 3d as well as other unoccu- 
pied atomic orbitals is of course necessary ff accurate solutions to the SCF equa- 
tions are desired. Particularly, if the electronic spectrum is to be calculated, the 
present basis set, which gives only two unoccupied orbitals, seems to be too 
limited. 

The N1V[I~ spectrum of fluorine in C1F 3 has been called anomalous since the 
chemical shifts indicate a greater covalent character of the C1-F2, 3 bonds than  of 
the C1-F 1 bond [14, 1]. A similar anomaly exists for the C1F molecule where simple 
theory gives a negative fluorine charge ]~rger than -- 1. This latter anomaly appears 
to be resolved if the customary assumption of an average excitation energy is not 
used in the second-order perturbation term considered most important  for the che- 
mical shift [21, 5]. Exploratory calculations with the simple theory of KARPnUS and 
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DAS [9] thus  amended do however  no t  give the desired ordering. Since the covalent 
character  as calculated here is in accord with the experimental  bond  lengths it 
seems likely t h a t  the answer to the problem is to be found in the theory  of  chemical 
shifts ra ther  t han  in the molecular charge distribution. I n  particular, a theory  of  
chemical shifts t ha t  accurately  accounts  for effects f rom neighboring a toms would 
be desirable. 

Bond angles of  smaller polyatomie molecules have been calculated by  PoPL~ 
and SEGAL [19] using similar methods  as here bu t  with neglect of  differential 
overlap. I n  the light of  their results the success of  the present calculation is not  
astonishing. H o w e v e r ,  their methods  employ semiempirical bond  parameters  
which are adjusted to experimental ly known properties of  other, usually diatomic, 
molecules. I n  t h a t  wa y  large classes of  more or less similar molecules can be 
calculated sometimes with ra ther  high accuracy.  For  a unique molecule, like the 
one t rea ted  here, it m a y  be difficult to  obtain  parameters  wi thout  reducing the 
whole calculation to  curve-fitting. I n  such a case our  method appears to be 
part icular ly useful. The only empirical estimate, t ha t  of  Coulomb repulsion inte- 
grals, is included only as a ma t t e r  of  convenience. I t  is known to give integrals 
smaller t h a n  those calculated theoretically, and thus gives bet ter  agreement  with 
the experimental  z-electron spectrum of conjugated molecules. I n  the present 
case the repulsion between the negat ively charged fluorine a toms is reduced. One 
m a y  therefore speculate t h a t  this is one of  the reasons why  the calculated bond 
angle is smaller t han  the experimental  value. The least one can say therefore is 
t ha t  a calculation using exact  repulsion integrals will p robably  not  give funda- 
menta l ly  worse bond  angles than  obtained here. 

I t  is intended to ex tend calculations of  the type  used here to other  electron- 
rich molecules, no tab ly  xenon fluorides. 
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