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A. INTRODUCTION

The objective of this study was tc make a systematic comparison of five force fields
applied to several octahedral hexahalogen species. Molecules considered were those for
which assignments of Raman and infrared spectra were available, the most recent data
being used. Kim et al. ! have made such a study for fifteen hexafluorides using two force
fields, but only limited and scattered studies have been made of the correspondmg chloride,
bromide and iodide compounds,
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258 P. LABONVILLE et al.

The five force fields examined were the Urey-Bradley Force Field (UBFF), with four
force constants, the Orbital Valence Force Field (OVFF), which also employs-four force
constants, the modification of the UBFF made by Shimanouchi (MUBFF), which involves
five force constants, a modified Orbital Valence Force Field (MOVFF) with five force
constants, and the General Valence Force Field (GVFF) which uses seven force constants
(reduced to five with certain assumptions).

The molecules studied include twenty-seven hexafluorides, twenty-three hexachlorides,
eleven hexabromides and one hexaiodide. Of the six fundamental frequencies for mole-
cules with octahedral symmetry, three are active in the Raman and two in the infrared
spectrum; the sixth vibration is inactive in both Raman and infrared. In many cases the
frequency =1 this sixth vibration has been obtained from assignments of overtones, com-
binaticns and site splitting in the solid spectra. In cases where there was no such value
recorded in the literature, an estimated value 2 was obtained using the formula v = vs [\/2.

B. THEORY OF MOLECULAR FORCE FIELDS

.. Each of the force fields used gives an expression for the potential energy in which the
force constants appear as coefficients. In representing a molecule containing » atoms, 3n
coordinates will be needed to describe their motions; for non-linear molecules, six of these
describe the translations and rotations of the system whilst for linear molecules only five
are needed, since these have one less degree of rotational freedom. For a general molecule
the kinetic energy (7) and the potential energy (V) can be expressed as functions of these
coordinates: gy, 43, ..., 93r—6 (OT G3p-s for linear molecules).

7= 2 %m @) (1
. i
where éi = dq;/dt, and, making the harmonic approximation,
V= Zl; %r;4:9; @)

The frequencies of the vibrations may be thought of as due to small displacements from
the equilibrium position of the molecule and can be expressed in terms of the mass of
the atoms and the restoring forces. The restoring forces are approached through the con-
cept of the potential force field which to a good approximation can be written as
3n-C o T
Vi 2 Fya4 . @)
i,j=1
where Cis 5 or 6 depending on whether the molecule is linear or not. This general quad-
ratic potential function for most molecules contains more force constants (Fy;) than there
are fundamental frequéncies. Thus, all of the force constants cannot bé:calculated from
the values of the obsérved frequencies. There have been a number of approximations
introduced to reduce the number of coefficients F7; in eqn. (3). The Central Force Field
(CFF) includes only forces in molecules between atoms along the lines joining them,
whether the atoms are bonded or not, and is unrealistic because it neglects bending inter-
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actions. The Simple Valence Force Field (SVFF) considers bending of molecules as well as
stretching along bonds. There are only two types of force constants needed, and there is
no consideration of interactions between non-bonded atoms. The General Valence Force
Field (GVFF) includes, besides the bending and stretching constants of the SVFF, all cross
terms involving stretch—stretch, bend—bend, and bend—stretch. It generally has more force
constants than frequencies and hides the interactioit between non-bonded atoms in the
species in cross terms.

Several assumptions can be made to reduce the number of force constants. For the
GVFF, seven force constants are necessary for a hexacoordinated molecule of O, sym-
metry, and these must be reduced to five or less than the number of observed frequencies.
The usual practice is to assume that force constants associated with a stretch—bend and a
bend—bend interaction are zero if the two internal coordinates do not share a common
bond. The GVFF includes the stretching constant f;, the bending constant f,, the stretch-
ing interaction constants f, and f, -, the angle interaction constants f_, and f_- and the
stretch-angle interaction constant f,,. These can be reduced to five by assuming that
for =Fon and frp = %3 f;; as has been done by Van Bronswyk et al. 3. The first of these
assumptions necessitates that vg = vs+/2. The number of such assumptions is quite large
and most probably no one set would fit all molecules. We have chosen this set only as an
example of what can be done with the GVFF to reduce the number of force constants
and wish to emphasize that the procedure is completely arbitrary. :

Two general methods to reduce the number of force constants while including in the
potential energy function the interaction between non-bonded atoms are the UBFF and
the OVFF mentioned earlier. The function for the potential energy in the UBFF was
proposed by Urey and Bradley 4. It includes two repulsion force constants between non-
bonded atoms and may be expressed as

V= Z} (K)o Ar; + AK(Ar)?] + E; [H (s (Do) + HH Gy Acx )]

+ TIFa,), A0+ 5F (0" @
where

5)

q,?j =r:+ r]2 — 2r;r;cosay;
This latter expression make= it possible to express the potential function (V) in terms of
Ar;, Arjand Aayy, the-bond lengths and bond angles. The subscript zero refers to the equi-
librium state. .

In the case of the octahedral system with six identical ligand atoms, the UBFF requires
only four force constants: K, F, H, F'. K is the force constant for stretching along a bond,
H for an angle deformation, and F and F' are force constants for interactions between '
non-bonded atoms. The value for F' will generally be much smaller than that for F. Thus,
the UBFF combines a small number of force constants with the inclusion in the potential
function of interactions between non-bonded atoms. This was a very attractive function,
has been used extensively, and has been found to be adequate for many systems. However,
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Fig. 1. Urey—Bradley field correction term.

it has failed to represent adequately the forces in a number of molecules studied. As a
result, Shimanouchi and coworkers borrowed from the GVFF and introduced first one
additional force constant which involved interactions between stretches along the same
diagonal * (k), and later another involving the interaction of two angles having a common
side and lying in perpendicular planes ® (k) (see Fiz. 1). The F’ constant of the UBFF is
assumed to be —Y o of the F constant and so there are still only 5 force constants to be
determined from the six vibrational frequencies. This represents the MUBFF.

A second type of special force field which has been used less extensively but which has
been receiving some attention-of late *»7 is the OVFF proposed by Heath and Linnett 8.
It considers the bending vibration in the light of theories of directed valence. At first,
Heath and Linnett questioned the emphasis which the UBFF placed on repulsions between
non-bonded atoms °. As they worked with more complicated molecules, they recognized
the importance of these repulsions and added them to their potential function as a
Lennard—Jones term of the form

V= p/R12 ‘ : ®)

They found that this outweighed the attractive term in the Lennard—Jones function. A
second difference between their potential field and that of the SVFF and UBFF is that
instead of the angle of deformation between two bonds (Aa), they used the angle which
represents the distortion ef the bond from the axis of the bonding orbital (AB). Hence

the name given was Orbital Valence Force Field. The contribution of this to the potential
energy function is given as '

=17 2 ’ v . )
V=3£K,(A8,) : A O
The over-all OVFF potential energy function is

V=28 21 Ary kg ToAry + ki Z3(AB,)° — 2B 2 ARy + 24 23 (AR, ®
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where Af;; is the angle the line from the central atom to atom j makes with the line in
which the particular orbital has its maximum value, and it measures the movement of the
atom away from the direction in which the orbitals of the two atoms show the maximum
overlap; k;= OVFF stretching force constant; k,'_c, = OVFF bending force constant; B, 4 =
force constants for repulsions beiween non-bonded atoms expressed by V=—RAR +
A(AR)? ...; where B = —(dV/dR); A = %(d? V/dR?). Heath and Linnett proposed their
angular distortion force constant on the basis of their assumpticn that the bond-forming
orbitals of the central atom are at definite fixed angles to each other and the equilibrium
state is the one in which they have maximum overlap with the bond-forming orbitals of --
the ligands. Hence, when a molecule undergoes a bending vibration, the bonding ozbitals-
will seek to return to a position of maximum overlap. Therefore, differences between calt
culations based on the SVFF (or UBFF) and those based on the OVFF will differ pri-
marily in this third term of eqn. (8). If the difference between (Ax) and (Ap) is small, the
potential fields give similar results. They further suggest that the central atom may even
change its hybridization to allow the molecule to undergo a given bending vibration with
greater facility and thus lower the poteatial energy. They used methane and its ‘:uter-
ated derivatives and found that such changes of hybridization were feasible 1or some vibra-
tions and not for others. They included this in their OVFF potential expression wherever
appropriate. We have modified the OVFF by adding the fifth force constant (k) and ob-
tained the MOVFF. (The constant & has the same meaning as that in the MUBFF.)

The potential energy function for molecules of octahedral symmetry corresponding
to the force fields used in this study can be represented by the following equations where
K is the force constant for a stretch along a bond, F and F' are force constants for inter-
actions between non-bonded atoms, and H corresponds to the usual concept of angle
deformation (Ac«), while D corresponds to Heath and Linnett’s angle based on overlan or
orbitals (AB). In the GVFF, the force constant f; is a stretching constant and the constant
f, is a bending constant. The bond interaction constant f;; corresponds to an interaction
of a bond with a bond at right angles to it, while £+ corresponds to an interaction of a
bond with an opposite bond. The angle interacton constant, f,,, is the interaction of an
angle with an angle adjacent and in the same planz while - is an interaction of an angle
with an angle in a perpendicular plane having a bond in common. The stretch—angle
interaction constant f,, corresponds to an interacticn ¢ € an angle with one of the bonds
forming its sides. The Ar; and AR;; terrr  relate to the internal coordinates as used by Kim
etal. !,

UBFF:

6 12

12 12 6
W=K () +r2H 23 (A +F 21 (AR,Y + 2R F' 23 (AR,) +2r f' 23 (Ary)
_ i if ij ij 4 i

: )
OVFF:

6 6 12 , 12 6
2V=KZ.>(A’,')2 +12D 25 (A +F 2 (AR;)* + 2R F z (AR ;) +2r f! Zi( P
i i ij ij i

10
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GVFF - :
12 : 12

2V=f. E(Ar)2+2f E(Ar)(Ar)+2frr E(Ar)(Ar)+r2f E(Aa)’

12 24 - 24 o
+2r2f Z;(Aa)(Aa)+2r2f Z)(Aa)(Aa)+2er(Ar)(Aa) (1-1)

The MUBFF includes the above UBFF terms and the modifications indicated on p. 260.
The MOVFF includes the above OVFF terms and the modifications indicated on p. 261.

C. CALCULATIONS OF FORCE CONSTANTS

The calculations of force constants was one of adjustment until the calculated frequen-
cies gave the best fit with the observed frequencies. The calculations were done on an
IBM 360 computer using Schachtschneider’s force constant adjust program 1°. The -
systems converged with about 5 perturbations for all force ficlds. A few of the fluorides -
were found to diverge or oscillate between two sets of force constants. When this oc- -
curred, the mean of both sets finally resulted in convergence. The logical sequence in the
calculations for molecules of octahedral symmetry is 1*:1%

(1) determine internal coordinates;

(2) choose orthonormal coordmates of Oy, symmetry and form U, the matrix of
coefficients;

(3) derive the f matrix of the force constants;

(4) form the F matrix corresponding to the potentxal energy function from U fy
where U’ is the transpose of U (Table 1);

(5) form the G matrix corresponding to the kinetic energy using the methods of
Wilson ef al.}3, and others ' (Table 1);

(6) setup the secular determinant,

GF—EA=0 (12)
where £ is the unit matrix and
A=4n?c?1? (13)
where v is the frequency in cm™.

The F and G matrices used appear in Table 1. Fortran programs FADJ and EIGV coded
by Schachtschneider were used for the calculations. The final calculations gave the calcu-
lated frequencies, the converged force constants, the L matrix (transformation from sym-
metry coordinates to normal coordinates), and the potential energy distribution (PED)

" of force constants to frequencies. (To save space the L matiix and the PED matrix are not

-printed, but are available from the authors.) -
: If bnef the method mcludes a reﬁnement in X where

T o S N ¢ 5]
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attained a minimum, and changes in the F matrix were made so small that the changes in
the frequencies were negligible. That is,

Ly GoE ot AFp gy = Apr = A (15)

where NN denotes the iteration number. The weighting elements It were usad, where

= 1/A. These weighting elements W were used by Aldous and Mills !5 to give less
wexght to the higher frequencies, since the uncertainties in the frequencies arising from
the uncertainties in the anharmonicity are larger for the higher frequencies.

D. RESULTS AND DISCUSSION

(i) Comparison of force fields

Tables 2—5 list the results of the calculations made for the MUBFF, UBFF, OVFF,
MOVFEF, and the GVFF force fields. These tables list the data for hexafluorides, hexa-
chlorides, hexabromides and one hexaiodide respectively. The tables include the values
of the observed frequencies and those calculated with each force field for the six funda-
mental frequencies occurring for an MXg molecule. The observed assignments are used.
as reported in the literature, and some of these could be in error. The percentage deviation
of the calculated values from the observed values are included fcr the average of the three
stretching vibrations (v, v, ,#3), and for the three bending vibrations (¥4, vs, ¥g). The
final set of converged force constants are aiso found in the tables.

When one compares the UBFF with the OVFE, one observes that OVFF is in better
agreement with the observed bending frequencies than the UBFF. Only slight differences
are noticed in making a similar comparison for the observed stretching frequencies. A
modification of the UBFF and the OVFF improves the agreement for both fields, with
the MOVFF showing better over-all agreement with the observed frequencies for both
stretching and bending modes than the MUBFF. Hiraishi et al. ® have observed that the
calculated values obtained for v, using the UBFF had lower values than those of v5 for
several compounds, whereas v4 has been generally assigned at higher frequency than vs.
The MUBFF fails to rectify this situation. Similarly, for the OVFF the calculated values
of v; are found to be at lower frequency than v, although the assigned values are re-
versed. Where this discrepancy occurs, the MOVFF appears to correct the problem.
Therefore, the MOVFF offers some definite advantages over the UBFF and the MUBFF.

In the case of the GVFF, the restriction that vg must be calculated from the expression
s = vs/+/2 means that a comparison of the value of this frequency with v, as determined
from combination bands, has little significance. For this force field, one adjusts five force
constants to five frequencies in MX§ molecules, which allows for no degrees of freedom.

The improvement in the deviations of the bending and stretching vibrations from the
observed values for the MOVEF is 100% for the fluorides, and appears to decrease as one
goes to the heavier halogen compounds. Certain factors which may contribute to this
difference in behavior between the hexafluoride and the other hexahalogen compounds
are

(1) a difference in anharmonicity between the fluorides and other halides;

(2) decreased ionicity occurring as one goes from F~— C1™ = Br~ =1~ (refs. 16—19);

Coord. Chem. Rev., 7(1972) 257-287
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(3) increase in anion size from F~ - I~ causing increased repulsive forces;
(4) additional forces present in the solid MXZ™ molecules (where X = Cl, Br, I) vs. the
gaseous MF¢ molecules.

(ii} Trends observed

Several factors which contribute to the position at which a stretching metal—hgand
vibration occurs were cited by Clark 39. These factors were based on a limited amount of
data and primarily on the metal—chlorine stretching vibration. With considerably more
data, Ferraro *° has recently cited that these trends are more general than originally
believed and also hold for the metal—fluorine, metal—bromine, and metal—iodine vibra-
tions. A number of these trends can be cited in light of the present data.

{a) Mass effect

A number of elements form at least two hexahalides. Keeping the .other factors con-
stant (such as oxidation effect, stereochemistry, CN and metal) it can be demonstrated
that, as the mass of the halogen atom increases, all three stretching frequencies (v, v,,
and v3) decrease. This is additionally reflected in the force constants K (MUBFF and
MOVFF) and f;, which also decrease with a corresponding increase in MX bond distance.
A similar trend is observed for the bending XMX vibrations »4 and v5. A comparison of
the effects of mass made by keeping the halogen constant is demonstrated when one
compares TcFg, ReFg; PACIZ™, PtCIZ"; PdBrZ™ and PtBrZ ™. It may be observed that an
increase in v, and X occurs as one proceeds from the first to the second and to the third
transition series. The suggestion to use »; as a measure of bond strength has been made *!
and may be justified since the heavy central metal atom remains stationary during the
vibration. In a recent paper, v; was found to increase as a function of mass of the central
atom (across the periodic table) in MCIZ™ species *!. Where comparisons are possible,
similar trends for v3 are observed in this paper for MC1Z~ and MBr2™ ions.

{b) Oxidation effect

The oxidation effect is demonstrated by the decrease in v;, v,, and v5 and in K and
[; in decreasing the oxidation number of Pt from VI - IV (PtFg — PtF2"). In the series
SiFZ, PFg, and SFs, GeFZ", AsF; and SeFs, and SnF%", TcFg, vy, v;, v; and K and f,
show increases indicating that the oxidation effect is more important than the mass
effect.

{c) Dependence of F, K and H force constants (MUBFF and MOVFF) on the number
of non-bonding valence electrons and the crystal-field stabilization energy
. The dependence of the F and D force constants in the OVFF on the number (n) of

non-bonding valence electrons (up to n=4) has been discussed *. Figs. 2—4 present plots
of the F, K, and H force constants in the MUBFF or the MOVFF as z function of the
number of non-bonding valence electrons (1) for several transition series MF,. For the
plots of H and K vs. n, the results are reminiscent of plots of the ligand-field stabilization
energy vs. n. The plot of F vs. n appears to be the reverse of the H and K plots.

The plot of the repulsion constant (F) for the MOVFF vs. n is recorded in Fig. 2. It
may- be observed that F is greatest for the 3d transition series and least with the 5d transi-
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tion series indicating an increase in stability of the complexes from the 3d series to the 54
series. For comparison, a plot of the 5f actinide series is also included.

Figure 3 shows the plot of the stretching constant, K, for the MUBFF vs. n for the
various transition series. An initial increase in K is noted with a maximum at #=2 for the
4d and 5d series. The stretching constant appears to decrease in the direction 5d > 4d >

.
SN2 hinl 1 z ictant with Ak +3 that +h i it: H ™ m
5f> 34, which is consistent with observations that the third transition series form more

stable complexes than the second or first transition series. These trends may be explained
on the basis that the #-bond effects caused by donation of fluorine p electrons into the
metal orbitals are greater in the third-row than in the second-row transition series.

Figure 4 plots the bending constant (H) for the MUBFF vs, nn. An initial increase
occurs with a maximum at n= 3. H decreases in the direction 5d > 4d > 3d > Sf.

In comparing the three plots, it is observed that the plots of K and H vs. n are similar
and different from the F plot. At the maxima points of n=2 or 3 in the K and H plots, a
minimum point is observed for F. The results appear to be consistent with observations
made for the ligand-field stabilization energy plots for transition-metal complexes where
a maximum in energy is obtained at 7=3 and 8 and a minimum at 5 for complexes in an
octahedral field, An increase in the force constants for stretching and bending (K and /)
at n=2 or 3 (more stable hexafluorides) corresponds to a decreased repulsion force con-
stant, F. Likewise, a lowered force constant (K and A) corresponds to a less stable hexa-
fluoride, which correlates with an increase in the repulsion constant, . :

TABLE 6
K (MUBFF), K (MOVFF) and f; (GVFF) force constants for MFg and MCI%‘ molecules

n K MUBFF) K (MOVFF)  f; (GVFF)
MoFg 0 3.29 3.95 4.79
TcFe 1 3.89 4.05 4.69
RuFg 2 417 3.98 444
RhFg 3 3.94 3.84 3.98
(PdF) 4 3.44 3.47 3.17
WFg o 3.59 4.28 5.29
ReFg 1 4.18 445 5.18
OsFs 2 4.75 4.65 5.10
ItFs 3 4.62 4.68 4.75
PtFg 4 4.25 4.40 4.13
HfCIZ™ 0 0.86 1.02 130
ReCl1Z™ 3 1.37 1.42 1.68
OsClE~ 4 1.36 1.40 1.67
ICiz” § 1.01 1.02 1.23
PtCIF 6 1.86 1.93 2.15
PuCIZ™ 10 0.74 0.83 0.97

() Theoretical molecule.
n = number of non<bonding d electrons.
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Table 6 tabulates the K and f; for the second- and third-row transition series for MFg
compounds, and for MCIZ™ of the third-row transition series. Figure 5 shows a plot for
six MCIZ™ solid complexes of K for the MUBFF vs, the number of non-bonding d electrons,
This group of compounds contains a d® compound (IrClZ") and illustrates a minimum at .
n=25. Figure 5 is very typical of curves obtained for crystal-field stabilization energy or
heats of formation %2 vs. number of d electrons, where maxima are obtained at #=3 and
n=7 or 8 and minima at n=0, 5 and 10. It is also significant to cite that the K force
constant obtained from the MOVFF or the MUBFF reflects these trends more clearly
than the f,(GVFF) force constant.

E. POTENTIAL ENERGY DISTRIBUTION (PED)

The calculated potential energy distributions for all fields except the GVFF indicate
v, and v, to be predominantly stretching vibrations, since-they are determined by K.
However, as one increases the size of the halogen, F or the repulsion force constant in-
creases to the point at which for the bromides and the iodides, »; mostly consists of the
repulsion constant. The vibrations vs and v are predominantly H(D), and F, with F
getting predominantly greater from F~ to I, but the fact that they can be identified as
bending modes is unmistakable. The modes v; and v,; are considerably more complex
being a mixture of K, F and H(D). However, v3 is weighted more by K while v, is
weighted by H(D) and £, again repulsion increasing from F~ to I ™.

F. CONCLUSIONS

The following conclusions may be made from a consideration of the data obtained in
this work.

(1) The MOVFF demonstrates several advantages over the other force fields, particu-
larly because of the better over-all agreement found for the observed frequencies.

(2) Definite trends regarding mass and oxidation effects are observed for these com-
pounds. Where both effects occur, the oxidation effect appears to be more important

than the mass effect.
(3) A dependence of F, K and H(D) force constants from the MUBF¥ and MOVFF

vs. the number of non-bonding valence electrons and crystal-field stabilization energy

exists for MFg and MC1% -type compounds.
(4) In studies of this type, it may be advisable to study several force fields, as was done

in this work.
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