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The orbital valence force field has been employed to calculate the force constants for tetra-
chlorides, tetrabromides, and tetraiodides of titanium, zirconium, and hafnium making use of recent
vapor-phase Raman spectral data. The results are compared with the Urey-Bradley force constants,
and it has been found that these are well comparable. The applicability of the Lennard-Jones po-
tential has been examined to understand the nature of non-bonded interactions. The force constants
have also been utilized to study the relative strength of the chemical bonds in tetrahalides and

hexahalide anions

Very recently CLARK et al. 2 have studied the
Raman spectra of the tetrachlorides, tetrabromides
and tetraiodides of titanium, zirconium and hafnium
in the vapor-phase. Complete assignments of all the
fundamentals, on the basis of tetrahedral symmetry,
have been given. They have also reported the thermo-
dynamic functions and force constants for the mole-
cules employing the modified valence force field

(MVFF) as well as the Urey-Bradley force field

constants, k&, , k,/, and A are in good agreement with
the corresponding UBFF constants, K, 3 H, and F/2.
As shown in this table, the present calculations lead
to a negative value of B/R for most of the mole-
cules. From this it follows that the OVFF model,

Table 1. OVFF constants (in mdyne/A) for the group IV b
tetrahalides. (The values in parentheses indicate UBFF con-
stants K, 3 H, F/2 and —F".)

(UBFF). In the present communication it is aimed Halide k;, K k/,3H A, F/2 B/R, — F’
(i) to apply the orbital valence force field (OVFF) -
to compute the force constants, (ii) to compare these TiCls éggg)s (8%? (88312) (I 8882)8
force constants with the corresponding UBFF force 24355%  0.0762*  0.0906*  + 0.0139*
constants, (iii) to discuss the relative stability of the  Tip;, 2.1597 0.1453 0.0454 — 0.0152
chemical bonds in different molecules, and (iv) to (2.150) (0.126) (0.0465) (4 0.003)
examine the applicability of the Lennard-Jones po- 2.0761*  0.1005*  0.0558* -+ 0.0085*
}Zr;::i:: to understand the nature of non-bonded Til4 (iggg? (gi(l)é? (881%? (; 8%(23?
- 1.548 * 0.0830 * 0.0517 * + 0.0079 *
WiLsoN’s  FG matrix method has been used to  zrcl, 2.2961 0.0257 0.0840 + 0.0067
evaluate the force constants employing OVFF. The (2.296) (0.024) (0.084) (4 0.010)
expressions for the F and G matrices are taken from 2.2786%  0.0148%  0.0862* -+ 0.0132%
KreBs and MULLER 4. For the detail procedure one ~ ZrBra (gggg;}’ (833(33‘)1 (8833? (; gg(l);f
may refer to °. 2.0361*  0.0731*  0.0447* 4 0.0068 *
First, all the four OVFF constants; k; , the bond  Zrl, 1.6325 0.0882 0.0292 — 0.0085
stretching force constant; k,’, the angle distortion (1.627) o (0.075) " (0.030) . (+ 0.003) .
constant; 4 and B/R, the interaction constants re- 16845 0.0623 0.0862 + 00064
presenting forces between nonbonded atom pairs, Tl (gggg) (8823)7 (8821)8 (i 88;3)8
were evaluated with the help of four force field 2.3687*  0.0323*  0.0848* 4+ 0.0130*
equations 4. The OVFF constants, thus calculated, H¢Br, 2.1146 0.0664 0.0620 — 0.0036
are presented in Table 1 together with the corre- (2.117) (0.060) (0.0615) (4 0.004)
sponding UBFF constants!. The fundamental fre- sl e e
quencies used in these computations are listed in Hfl, 1.8430 0.2489 0.0029 ~1.0286
! (1.844)  (0.219)  (0.0025) (4 0.002)
Table 2. It is apparent from Table 1 that the OVFF 1.7477%  0.1942*  0.0148* -+ 0.0022*
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making use of a single term in B/R, cannot repre-
sent satisfactorily the interaction between non-bond-
ed atom pairs. Negative values of B/R have also
been reported in + 3.

The force constants are a convenient measure of
the strength of a chemical bond and, therefore, it is
interesting to study the trend of the force constants
among the tetrahalides (except tetrafluoride). The
only force constant sufficiently large to warrant dis-
cussion is the bond stretching force constant (k).
A comparison of the stretching force constant ki,
from Table 1, shows that it decreases in the order
MCI>MBr>MI (M=Ti, Zr or Hf). The relative
strength of the chemical bond must vary in the same
order. The interaction consatnt, 4, follows the same
pattern and supports the above conclusion. The vari-
ation of the interaction constant is corroborated by
the fact that for smaller non-bonded distances its
magnitude should be larger, as it happens herel.
The angle bending force constant, k,’, does not show
a regular variation.

The OVFF bond stretching force constants -of

hexachloride and hexabromide anions® with those

Table 2. Comparison of the observed and calculated funda-
mental frequencies (in cm—?!) for the gorup IV b tetrahalides
using OVFF constants from Table 1 with the approximation

A=6.5 B/R.
Halide v1(4) ve(E) r3(F2) ra(Fs)
TiCly Obs. 389 114 498 136
A=65B/R 389 114 493 152.3
TiBry Obs. 231.5 68.5 393 88
A=6.5B/R 2315 68.5 389 89.4
Tilys Obs. 162 51 323 67
A=6.5B/R 162 51 321.6 72.9
ZrCly Obs. 377 98 418 113
A=6.5B/R 377 98 417 117.6
ZrBry Obs. 225.5 60 315 72
A=6.5B/R 2255 60 312.8 82
Zrly Obs. 158 43 254 55
A=6.5B/R 158 43 253.4 61.5
HfCly Obs. 382 101.5 390 112
A=6.5B/R 382 101.5 406.5 105.4
HfBry Obs. 235.5 63 273 71
A=6.5B/R 2355 63 271 78.4
Hfl, Obs. 158 55 224 63
A=6.5B/R 158 55 220.3 74

1 R. J. H. CLArk, B. K. HUNTER, and D. M. RirroN, Inorg.
Chem. 11, 56 [1972].

2 R.J. H. CLark and C. J. WiiLis, J. Chem. Soc. A, 838
[1971].

3 E. B. WiLsON, JR., J. C. Decius, and D. C. Cross, Molecular
Vibrations, McGraw-Hill, New York 1955.

ORBITAL VALENCE FORCE FIELD CONSTANTS OF TETRAHALIDES

of the tetrachlorides and tetrabromides of titanium,
zirconium, and hafnium, which possess the same
oxidation state?, are compared in Table 3. From
this comparison it is inferred that the chemical bond
in the tetrahedral species is stronger than in the
octahedral species.

Table 3. Comparison of the bond stretching force constants
(in mdyne/A) of the tetrachlorides and tetrabromides with the
hexachloride and hexabromide anions of Ti, Zr, and Hf.

Halide k1 Halide anion K

TiCly 2.5095 TiClg2— 0.68
ZrCly 2.2961 ZrClg2— 1.03
HCly 2.3690 HfClg2— 1.12
TiBry 2.1597 TiBrg2- 0.60
ZrBry 2.0953 ZrBrg2— 0.74
HfBry 2.1146 HfBrg2- 0.78

In order to understand the nature of the forces
acting between the non-bonded atom pairs, a second
set of OVFF constants has been calculated by ap-
proximating the interaction by a Lennard-Jones po-
tential which includes the dispersion forces. This
potential function establishes a relation 4 =6.5 B/R
between the non-bonded interaction constants. The
set of force constants thus evaluated is included in
Table 1. For testing the validity of this approxima-
tion these constants, in turn, are employed to cal-
culate the fundamental frequencies. The calculated
and observed frequencies are compared in Table 2.
It is found that, except TiBry, the frequencies are
not well reproduced. Therefore, it is concluded that
for titanium tetrabromide the Lennard-Jones poten-
tial is adequate to explain the interaction between
non-bond atom pairs while in all other cases it is
not a reasonable approximation. To account for
these discrepancies Coulomb forces besides disper-
sion forces should also be taken into consideration
as suggested by KREBs and MULLER *.
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