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Table 111. Average Fluorine Chemical Shifts and Spin-Coupling Constants of Group V Fluoride Speciesa 

MNF,,- 

Element 6(MF,) S(MF,-) A6 6, 

P 65.8’ 71.0, 5 .2  
As 57.0’ 61.7’ 4.7 89’ 
Sb 106.73 117.93 11.2 143’ 
Nb - 162 - 104 58 - 192 
Ta -99.6 -40.4 59.2  - 116 

a 6 values in ppm; J values in Hz. 

(TBA)Ta2F11, 37534-34-2; NbF5, 7783-68-8; (TBA)NbF6, 
37477-93-3; (TBA)Nb2Fll, 37477-94-4; (TBA)TaNbFll, 
37534-35-3; (TBA)TaSbFll, 37477-95-5; (TBA)NbSbFll, 
37477-96-6; (TBA)TaAsF11,37477-97-7. 

6, 6 3  J1-2 J 1 - 3  J 2 - 3  

56‘ 21.14 127’ 05 49’ 
1155 923 96’ 05 57’ 

- 141 56 41 179 41 
- 13 81 23 171 43 
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The uu* +- u electronic transitions of symmetrical trihalide ions (I3-, IBr,-, ICl,-, Br3-, and BrCl,-) are calculated in a mol- 
ecular orbitaf approximation. The MO’s are formed from linear combinations of npu halogen orbitals. For the zero-order 
calculations a modified Huckel theory is used. The calculations of the electronic transitions in the u system are refined by 
configuration interaction with complete neglect of differential overlap. The parameters p for the u bonds are based on the 
experimental electronic transitions of Br, , C1, , and I,. The method is applied to one transition of the 13- ion (4.25 eV) in 
order to obtain an equation for p. The agreement between the calculated values and the experimentally observed transi- 
tions appears to be a good one. A table of calculated charges and bond orders is also presented. 

Introduction 
For trihalide ions the bonding scheme of Pimentel’ is 

generally 
of the npu orbitals of the constituting atoms (Figure 1). 
Molecular orbitals for the 0 system can be formed from 
linear combinations of these npa halogen orbitals 

The bonds are formed from overlap 

Three MO’s result from this combination, two of which are 
doubly occupied. In a Huckel-type calculation these orbitals 
are bonding and formally nonbonding, respectively (Figure 
2). The px and py orbitals of all atoms are each occupied 
by two electrons. The ns orbitals at each atom, which are 
much lower in energy than the np orbitals,196 are also oc- 
cupied by two electrons. In this way the total of valence 
electrons is 22. The only empty orbital is an antibonding 
onc ,,nd has the 0, symmetry (Figure 2). The px and py 
orbitals are regarded as nonbonding, although in practice 
th-ere will be a splitting in slightly bonding, nonbonding, and 
slightly antibonding orbitals, due to some interaction. The 
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total energy of the u electrons in a Huckel-type calculation is 

in which CIocc denotes the summation over the occupied 
rpolecular orbitals, Ppv = 2Zicpi*cvi is the bond order, and 
He,, is the one-electron Huckel Hamiltonian operator. 

Wiebenga and Kracht4 replaced the term CpPppHpp by 

self-energy of the atoms in the trihalide ions (ZAEA is a 
summation over the atoms) and CA>BQAQB/RAB denotes 
the Coulomb repulsions between the net charges on the 
atoms; QA is the net charge on atom A and RAB is the 
intraionic distance between atoms A and B in the trihalide 
ion. 

the electron affinity (AA) of atom A. The ion A- has the 
energy -AA, A+ has the energy +IA, and the neutral atom 
has the energy zero. Between these values the energy can 
be approximated by a parabolic function (Figure 3).4 In 
order to get the zero-order MO’s, the total energy, modified 
in this way, must be minimized. In the present case, with 
only one basis function per atom, and neglecting differential 
overlap, the matrix elements that occur are 

CAEA -k ZA>e&&/RAB, in which ZAEA denotes the 

EA can be deduced from the ionization potential (IA) and 

Fpv = H p v = P  
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culated using complete configuration interaction, assuming 
complete neglect of differential overlap. For this reason, 
calculation of the two-electron repulsion integrals between 
atomic orbitals is necessary, 
Derivation of the Parameters 

The parameters 0 in eq 2 are empirically determined from 
the known electronic transitions of some diatomic halogen 
molecules and from the electronic transition of one trihalide 
ion, for calibration. In this paper 13- is used for this calibra- 
tion. 

can be calculated from the experimental ue value16 and the 
dissociation energy of the excited molecule,16 with the aid 
of the Morse p0tentia1.l~ The vertical energy calculated in 
this way is 6.48 eV (Figure 4). The best fit between theoret- 
ical and experimental transition energy results in a /3(12) value 
of -2.551 eV. The calculation has been carried out includ- 
ing configuration interaction. 

In the same way the parameter p for the u-u bonds in I; 
can be calculated from the experimental electronic transi- 
tion energy for this ion (4.25 eV).9918-21 Th e result is a 0 
value of - 2.237 eV (including configuration interaction; see 
next section). Assuming a linear relationship of 0 with the 
length R in a bond (Figure 5), as is supposed by Wiebenga 
and Kracht: eq 3 can be deduced from the two known 0’s 

The vertical energy for the 2: +- 22: transition for I 2  

p(R)= 1.19O(R -Rcov)-2.551 (3) 
(Figure 5 ) .  

interhalogen bonds in symmetrical XYz- ions, with X, Y = 
C1, Br, I .  See eq 4, in which R is the distance of the inter- 

In this paper the value 1.190 from (3) is used for all other 

p = 1.190(R -RcovXY) + pxy (4) 
halogen bond in a symmetric trihalide ion, RcovXY is the 
distance in the diatomic XY molecule, and oxy is the 
empirically determined parameter for the diatomic molecule. 
For Brz and C12, 0 can be calculated in the same way as for 
12, from the electronic transition energies. These last 
energies have been determined by Asundi and Venkateswarlu.16 
In this paper these values are raised by 6.2% in analogy to 
the correction which was necessary for I2 in order to get the 
desired vertical energy. 

of p(12) and P(Br2), etc., respectively. 
Derivation of the Repulsion Integrals 

atomic repulsion integrals are necessary. Because of the 
semiempirical description of the trihalide ions in this paper, 
it is justified to maintain the approximation of complete 
neglect of differential overlap. In this way only three kinds 
of atomic repulsion integrals remain to be determined. 

(1) T ~ ~ ,  Repulsion Integrals between Atomic Orbitals at 
the Same Atom. For these integrals the experimental value 
ZA - A ,  (the ionization potential of atom A minus its 
electron affinity) is chosen, according to theoretical consid- 
erations of Pariser.8$22 

For IBr, IC1, and BrCl the 0’s are taken as the average values 

For calculations including configuration interaction, 

Y 

Figure 1. Bond formation in trihalide ions by overlap o f  the npo 
atomic orbitals. 

Figure 2. Molecular orbitals in trihalide ions. 

Figure 3. Parabolic approximation of  the self-energy of the atoms 

The procedure is an iterative one, because the charges Q are 
unknown at the beginning. The quantities ZA and AA for I ,  
Br, and C1 have been taken from literature’ and the distances 
R A B  in the trihalide ions have been taken from crystallo- 
graphic  determination^^-'^ (see also Table I). The pa- 
rameters 0 are discussed in the next section. After the 
calculation of the zero-order MO’s, the transition energies of 
the singlet-singlet and singlet-triplet transitions are cal- 
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energy 
I 

distance 

Figure 4. Vertical energy of the 'Xu+ + '2; electronic transition 
in the I, molecule: I Z ~ ,  lower curve; 'Xu+, upper curve. 

J/ 
0 

Figure 5. Linear relationship between p and distance R .  

(2) ypv, Repulsion Integrals between Atomic Orbitals at 
Two Different and Not Adjacent Atoms. These integrals 
are approximated by the point charge model, ypV = 14.4/R 
in which the factor 14.4 is for getting the y values in electron 
volts. 

(3) yyv, Repulsion Integrals between Atomic Orbitals at  
Two Adjacent Atoms. These integrals are approximated by 
a kind of interpolation between the cases 1 and 2, according 
to the method described by Migchelsen for the 13- ion" 
(Figure 6). The point charge model of case 2 is used for 
two atoms if they are separated from each other by an 
intraatomic distance of at least the sum of their van der 

(22) R. Pariser, J. Chern. Phys., 21, 568 (1953). 

Figure 6. Atomic repulsion integrals. 

Waals radii (Rw). Between the points yMp (repulsion 
integrals at one atom) and 14.4/Rw (starting point of the 
point charge model) the desired y values for two adjacent 
atoms can be found by a linear interpolation. If the bond 
is formed by two different atoms (IBrz-, ICl2-, and BrCl2-) 
there are two values for yfi,.,. Before the interpolation these 
values are averaged. 

Calculation of the Basic 0 Values 
The calculation of the 0 values from the electronic transi- 

tion energies for Iz , Br2, and Clz , including configuration 
interaction, is straightforward and simple. The zero-order 
MO's are completely determined by the symmetry of the 
system. Configuration interaction results in a quadratic 
equation in 0, which can be solved very easily. 

The calculation of the 0 value for 13- is more difficult. 
The procedure used is a trial and error method followed by 
an iterative process. With a guessed value of 0 eq 2 are 
solved in an iterative way until self-consistency for the 
charges Q is attained. With the resulting zero-order MO's 
complete configuration interaction calculations are carried 
out. The resulting theoretical transition energy is compared 
with the experimental one. If this procedure is repeated for 
a range of 0 values, the best fit of 0 can be obtained by 
interpolation from a graph of p vs. transition energy (Figure 

Configuration Interaction 

configurations are known in the literature and have been 
used for the calculations in this papereZ3 

7). 

The matrix elements between four-electron determinantal 

(23) R. G. Parr, "Quantum Theory of Molecular Electronic 
Structure," W. A. Benjamin, New York, N. Y., 1964, Chapter 5. 
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Registry No. 1 3 ,  14900-04-0; IBrL, 14791-49-2; 1C12-, 
14522-79-3; Br;, 14522-80-6; BrCl;, 14522-78-2. 

HpvCore = .f %*( l)ficore( 1)xv( 1) d7 (9) 
The coefficients C u i .  C v i  are determined in the zero-order 

Table I1 contains the calculated properties of the ions. 
The energies for the singlet-singlet transitions have been 

R 

7 ,  - 
Huckel calculation; the integral HMvcore equals p for atomic 
orbitals x,, and xu on adjacent atoms; otherwise it is zero. 

integral. It represents the sum of the kinetic energy of an 
electron in orbital p, the potential energy of this electron 
with regard to its own core ion, and the potential energy of 
this electron with regard to the other ions in the core 
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