Coordination Chemistry Reviews, 11 (1973) 21-69
@© Elsevier Scientific Publishing Company, Amsterdam ~ Printed in The Netherlands

A STUDY OF FORCE FIELDS FOR TETRAHEDRAL MOLECULES AND
IONS*

L.J. BASILE, L.R. FERRARO *, P. LaBONVILLE ** and M.C. WALL, SM.C. T
Argonne National Laboratory, Argonne, Rlinois 60439 (U.5.A.}
(Received December 4th, 1972)

CONTENTS

A. Introduction
B. Molecular force fields for tetrahedral molecules
C. Calculations of force constants

D. Results and discussion
(i) Comparison of force fields
(ii) Discussion of force constants
(iii) Frequency trends
(iv) Potential energy distribution (PED)

References

o coo0e © & O

A. INTRODUCTION

Six years have elapsed since Miiller et al. 1,2 presented their study of the Normal Coordi-
nate Treatment (NCT) of some 67 tetrahedral molecules and ions. In this period of time,
the laser technique in Raman spectroscopy has become a valuable tool. More and more
tetrahedral molecules and ions (some highly colored) have now been studied by this method.
Certainly, the frequency assignments can now be considered to be more reliable than pre-
vious results. Thus a re-examination of this problem seemed in order.

In this study 146 entries appear. The most recent experimental data have been used
wherever possible. The number of studiesin this field has proliferated immensely, and
during the course of our preparation of this paper, new studies have appeared. We have used
these newest data in the cases where significant differences in frequency assignments from
the older data existed. Our results present the nature of the experiment performed, and
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whether the frequencies used were obtained from Raman or infrared data. In order to keep
the size of this manuscript within a reasonable length, we have chosen to ignore hydrogenic
tetrahedral molecules for the present.

Our objective has been to compare the three force fields commonly used for T; molecules
— the Urey—Bradley (UBFF), orbital valence (OVFF), and general valence force fields
(GVFF). We have also examined and compared the force constants obtained from these
force fields, and cited trends wherever any existed.

The molecules studied included 7 tetrafluorides, 37 tetrachlorides, 21 tetrabromides, 18
tetraiodides, 44 oxygenated ions (MO; "), 8 thio ions (MS;47), 5 seleno ions (MSe; ™), and
6 miscellaneous compounds.

B. MOLECULAR FORCE FIELDS FOR TETRAHEDRAL MOLECULES

Several monographs and review articles have recently appeared in the literature on the
theory of molecular force fields; hence for the sake of brevity, we shall not dwell at length
on this subject378,

In dealing with a tetrahedral molecule four frequencies are found to be vibrationally al-
lowed, I' 3, = A1 (R) + E(R) + 2F,(IR,R). One is confronted with the problem of finding
the force field which best accounts for the forces within the molecule and has fewer force
constants than the observed frequencies. Both the UBFF* ! and the OVFF*? offer a solu-
tion to the problem. In the UBFF the force constants are K (force constant for stretching
along a bond); H (force constant for angle deformation (A«)); F and F' (force constants for
interactions between non-bonded atoms). In the case of the OVFF the symbol D replaces
H, and corresponds to the Heath and Linnett'* angle based on overlap of orbitals (A8);
otherwise, the remaining force constants are the same. Although four force constants are
required by both fields, one of the force constants F' is usually taken as —is F for T; mole-
cules. This reduces the number of force constants to three, and allows a degree of freedom
for the least-squares analysis. We recognize that we might have chosen other values for F'.
However, for many of the molecules studied in this paper the use of a Lennard—Jones
potential failed because of the steepness in the repulsive portion of the curve. Thus, a
meaningful value of 7’ in terms of F was unavailable from this method. )

The potential energy functions for T; molecules using the UBFF and the OVFF may

be expressed as

UBFF:
4 6
W=(K+2F+F) 25 Ar7 +ro*H +3F —§F) (0 )?
i ij ’
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Here Ar and A« are the changes in bond lengths and bond angles between non-bonded atoms.
The symbols K, H, F and F' have been previously defined. The symbol 7, refers to the
bond distance at the equilibrium position.

OVFF:

4 6
W=(K+2F+F) 23Ar7 +r*(GD +}F - $F) 25 AB?
i i
6 \/2— 12
+2QF —§F') 25 Aran + 2 [5-(F + F') 25 Arag]
i,f i,i,j
12
+20*(ED — %F') 25 AB;ABy %))

ij,k

The symbolism is equivalent to that used in the UBFF expression above except that Af
replaces Ac.

The differences between the UBFF and the OVFF relate to the fact that the UBFF ex-
presses the bending force constant  in terms of Aa, a change in the angle between two
bonds, while the OVFF expresses the bending constant D in terms of AS, a change in the
position of the axis of the bonding orbital associated with the bending vibration. This change
in the position of the axis is due to a rehybridization*® of the bonding orbitals that takes
place during the bending motion of the molecule.

The GVFF for T; molecules requires seven force constants to describe the forces taking
place in the T; molecule. In the GVFF the force constants are: f, (force constant for stretch-
ing along a bond); f,, (force constant for stretching interaction along two bonds); f,, (force
constant for angle deformation); f,,,, (force constant for interaction between two adjacent

angle deformations); f,,- (force constant for interaction between angle deformations having
no common bond); £, (force constant for interaction between a stretch and an adjacent
angle deformation); f;,,- (force constant for interaction between a stretch and an angle defor-
mation having no common bond). Even then, repulsion forces between non-bonded atoms
are neglected. Since we observe only four frequencies, the number of force constants must
be reduced so that one degree of freedom is allowed for the least-squares analysis. Certain
approximations can be made. The usual practice is to reduce the number of force constants
to five by assuming that the force constants associated with the stretch—bend (f,,) and
angle—angle (f_+) interactions are zero since the two internal coordinates do not share a
common bond. However, we have used the multiple regression analysis of Schachtschneider
and Snyder™ to find those starting force constants for the T field to which the calculated
frequencies are most sensitive. The constants f, and f, for the pair of compounds SiHs and
SiD,4 were used and were refined by the perturbation technique, while all other constants
were held fixed at zero. The multiple regression analysis added those interaction constants



24 L.J. BASILE, J.R. FERRARG, P. LaBONVILLE, M.C. WALL

which gave the greatest improvement of fit between the observed and calculated frequencies.
The regression analysis was not carried out directly on the halide species since isotopic data
for these were not readily available. The results indicated that for the GVFF, four constants
were necessary, and since we are dealing with four frequencies this obviously gave a perfect
fit between the observed and calculated frequencies. In addition to the diagonal constants
f,and f_, the necessary interaction terms chosen by the regression technique were f}, and
Foae

The potential energy function for a T; molecule for the constrained GVFF is therefore,
given by the4expressxon 6 12

2V=f, ? ar? +r’f, ,Z,) (&, )? +f,, ? A+ 2ro(f,,) § ArAa,

12

+2r0%(f o) %AaﬁAa‘.k 3)

1t should be emphasized that other force constant interactions which we have failed to
consider might have proved to be more important for certain families of compounds. How-
ever, an exhaustive search for such interactions was beyond the scope of this paper.

C. CALCULATIONS OF FORCE CONSTANTS

In the calculations the force constants were adjusted until the calculated frequencies
gave the best fit with the observed frequencies. The calculations were performed on an IBM
360 computer using Yeranos's'® NCT and Schachtschneider and Snyder’s'® FADJ programs.
The systems converged with about 4—5 perturbations for all force fields (with some small
number of exceptions for the GVFF). Molecules in which the cation was smaller than the
anion resulted in 15 cases which were found to diverge for the GVFF only, and no ad-
justment corrections were possible. Similar observations have been previously made '®. This
divergence is undoubtedly due to our neglect of interaction constants to account for the
large Coriolis interactions commonly exhibited by these lighter molecules.

The final results gave the calculated frequencies, the converged force constants, the L
matrix (transformation from symmetry coordinates to normal coordinates), and the potential
energy distribution (PED) of the force constants and frequencies. The F and G matrices
appear in Table 1.

The method included a refinement in x where

x =8\ - WA G

obtained a minimum, and changes in the F matrix were made so small that the changes in the
frequencies were negligible, i.e.

Lyn-sGo(Fy ¥ AF Dy = Ay = Ayy_y )
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TABLE 1
F and G matrices obtained for UBFF, OVFF and GVFF for AB4 molecules and ions

F matrix
Mode G matrix UBFF ¢ OVFF“ GVFF
Ay Gy =g Fy =K+4F Fyy =K+4F Fu=(f;.+3fn.)
£ Gz =3ug Fp=H+YF-3F"  Fp=3D+3F-4F Fn=¢,-2)
Fy Gz =3py +up Fu=K+3(F+F) Fp=K+3F+3F  Fn=0-f)

Gy =Gaz=-3u Fi=Fg3=3(F+F') Fyu=Fa3=~3(F+F') Fn=Fa3=0
A

Gaa = §u, +2up Fayu=H+3F - §F Fu=3D+3F-3F Fyu=f,

% For the UBFF and the OVFF the assumption F' = —ﬂsF was used.

Td symmetry coordinates

Ay vibration

Ry  =3(ad, +ad; + Ad3 + Adg)

Ry, = T‘;—_(Aau + Aagy + Aazy + Aayg + Aags + Aaxy) =0
E vibration

R3, =J;—2:(2Aaxz — Aayy — Aazy — Aagy — Aags + 28am)
R3p =3(Aa — Aay + Az — Aaza)

Fvibrations

Rag = ﬁ(zAan — Aagy — Aagy + Acyg + Aagg — 24a)
Rap =q%’(4&n + Aaga + Aaz — dayg —~ Aoy — Aay)
Rac  =3(Aaz — Aazy — Aags + Acgy)

Rsa =\715—(Ad, + ady — 24d3)

Rsp =gF(ad) +ady + ads — 34da)

Rsc =gzlady - ady)
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where NN denotes the iteration number. The weighting element W was used, where W=
1/A, according to Mann et al. !7 to ensure a fit on a percentage basis.

D. RESULTS AND DISCUSSION

(i} Comparison of force fields

A comparison of the OVFF and UBFF is made for the main-family and transition-metal
tetrahalides and for the main-family and transition-metal oxy-, thio and seleno-anions (e.g.
MO,", MS,”, MSe,”). This comparison is miade in Tables 2—13. Also included in these
tables are the average percent deviation of the stretching modes (v, , »3) and the bending
modes (v,, ¥4 ). The tables contain experimental details and references. The source of the
data relating to observed frequencies (for example Raman and/or IR) is also indicated.

In the case of tetrahedral molecules one is dealing with four experimental frequencies
and three force constants in the OVFF and UBFF. With so few parameters to work with,
any meodification of these force fields without corollary data would not be very significant.
A comparison with the GVFF was not possible since this field involved four experimental
frequencies and four force constants, and a perfect fit of theoretical frequencies with the
experimental frequencies was obtained. (Since the frequencies calculated by the GVFF
agree with those observed, they are not included in the tables.) However, the GVFF was in-
cluded in this study because it provided a third set of force constants.

(a) Main-family tetrahalides

Tables 2—5 include the experimental frequencies and those calculated from the OVFF
and the UBFF for the main-family tetrahalides. It may be observed that the OVFF gives a
better fit in 34 of 40 cases where a clear-cut distinction may be made. In 6 cases no dis-
tinction may be observed, and both fields appear to fit equally well. In 9 cases one force
field gives a better fit for v, , v3 stretching modes, and the other field a better fit for the »,,
v4 bending vibrations. In the case of 11 gaseous molecules in this group, be th fields appear
to determine the forces within the molecule equally well.

(b) Transition-metal tetrahalides

Tables 6—8 include the experimental frequencies and those caiculated by the OVFF and
the UBFF for the transition-metal tetrahalides. Only slight differences in the calculated
force fields are noted.

{c) Main-group oxygenated anions (MO;" )
Table 9 compiles data for the main-group MO,” oxyanions. Of the ten anions represented,
the OVFF gives by far the best fit with the experimental frequencies.

(d} Transition-metal oxygenated anions (MO," }
Table 10 lists the data for the transition-metal oxyanions. In 22 of 29 cases, the UBFF
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is preferred. In five cases the two fields are either equal or one gives a better fit with the
vy, v3 vibrations while the other is better for the vy, v4 vibration.

(e} Transition-metal thio- and seleno-anions (MS,", MSes" )
Tables 11 and 12 list the computer results for the OVFF and UBFF for six thio-anions
(MS,™) and five seleno-anions (MSe,™). In three out of six cases for the thio-anions the
OVFF is slightly preferred, while in the five cases involving the seleno-anions the fields are
essentially equivalent.

{f) Miscellaneous tetrahedral molecules
Table 13 compiles the data for several other tetrahedral molecules.

{g) Summary

A number of difficulties in making a choice of force fields for tetrahedral molecules
exist. Several approximations had to be made for both the UBFF and the OVFF to ensure
that the number of force constants would be less than the frequencies observed. No an-
harmonicity corrections were made, and a good deal of the spectroscopic data were ob-
tained for solids, where local perturbations become more important. Added to this is the
complication that certain structures distorted from T are possible. Recent publications!'®9
indicate that in the A, MCl; series (A = Cs and M = Fe, Co, Cu and Zn), distorted MCl3%"
tetrahedra are known to exist. The extent of distortion varies, but is greatest for the copper
complex. Similarly, doubt has been raised concerning the tetrahedral species MgX,?~ in the
melt 2. Recent molecular dynamics calculations have indicated that the predominant struc-
ture is trigonal MgCly™.

It is to be noted that except for the main-family oxyanions, only small differences existed
between the results obtained from the OVFF and UBFF for tetrahedral molecules. For the
main-family oxy-anions the OVFF is definitely superior to the UBFF. Heath and Linnett !
made similar observations for these anions when they compared the OVFF with a simple
valence force field. )

Several force fields have previously been applied to some transition-metal oxyanions.
These include the GVFF, UBFF, OVFF and a modified valence force field (MVFF)!:22726
Since most of the results obtained for these anions relate to solids, there is some serious
question as to the possibility of finding a force field that can adequately explain the forces
involved. Krebs and Miiller 26 have indicated that the interactions between non-bonded atoms
cannot be explained by van der Waals forces alone, and that Coulombic forces must be taken
into account. In this work, the UBFF does appear to demonstrate some advantage over the
OVFF, except for the highly charged (—4) anions, where the OVFF seems to be preferred
in six out of nine cases.

A comparison of force fields may prove to be helpful for assignment purposes. The case
of TICly~ may be cited. In the original assignments3? the 78 cru™! absorption was assigned
as v, and the lowest absorption at 60 cm ' was assigned as v, . When the computations are
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made based on these assignments, the UBFF gives extremely poor fits, and only the OVFF

gives a reasonable fit. If one reverses the assignments, excellent results are obtained from

both force fields. It appears then that v4 should be assigned at 78 cm ' and », at 60 cm™*.

This is reasonable since for most main-family tetrahalides of T; symmetry reported in this

paper, the value of v, is greater than »,, in agreement with conclusions reached by others?%3%33,

(&) Discussion of force constants

Various correlations between vibrational frequencies and the properties of molecules
have been made 2673®_ It would be of more significance to use fundamental quantities such
as force constants rather than vibrational frequencies in making such correlations. In this
paper we make such correlations of the primary stretching force constant with the oxidation
of the central atom and with the atomic number of M and X in MX,;"-type molecules. This
approach can be justified on two counts — no orderly trends are observed for the frequencies
of many of these molecules and the primary stretching force constants as calculated from
three different force fields (K in the OVFF and UBFF and f, in the GVFF), appear to give
similar trends for all fields. The smaller magnitude of the other force constants (4 and F
in the OVFF, D and F in the UBFF and f,, f,, and f,, in the GVFF) prevents one from
making any additional meaningful comparisons.

The difficuities which present themselves in the case of tetrahedril molecules have been
discussed in a previous section. Additional problems may be cited. For example, in some
cases v, is assumed to be equal to v, since a broad absorption is found experimentally and
both absorptions are considered to be coincidental. Alternatively, one of these absorptions
may be so weak in intensity that it cannot be observed. Coupling of the low-frequency modes
with lattice vibrations is an added complication in the solid state *' . These difficulties con-
tribute to the uncertainty of the force constants for T; molecules. However, the values ob-
tained for the primary stretching force constant appear to be reasonable in most cases, and,
where comparisons are possible, agree with results obtained by other workers. Certainly the
force constants would have more significance if corollary data, such as isotope shifts, Coriolis
coupling constants and centrifugal distortions, could be used. In most cases, such additional
data are either not available or in the case of solids and liquids impossible to obtain.

(a) Trends

The relationship between the primary stretching force constant with the physical prop-
erties in MX,"-type molecules has been previously cited 337, However, most of the pre-
vious comparisons have been based on a limited number of data. Some of these relationships
have now been substantiated using the large body of results reported in this paper. In addition,
some new trends are suggested.

1. Oxidation state. The primary stretching force constants involving the MX stretch (K
in the OVFF and UBFF, and f, in the GVFF) are observed to be sensitive to the oxidation
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TABLE 14
Force constants for main-family tetrahalides. I. Fluorides.

All force constants in this paper are in the units mdynefA. An asterisk after the formula of a compound
in the tables means that there is one or more additional entry for that compound.

Force
field HA A IVA IVB
BeF*> BF4 (solid) CF,4
OVFF  1.42,0.31,048 2.39, 0.27, 1.06 4.39,0.84,1.27
UBFF 1.40, 0.08, 0.50 2.46,0.10, 1.06 4.59,0.33, 1.21
GVFF  Diverges Diverges Diverges
SiF,
OVFF 5.86, 0.50, 0.33
UBFF 5.83,0.17, 0.38
GVFF 7.11, 2.39, 0.46, 0.10
GeFy TiFg(gdS}
OVFF 5.11,0.24, 0.24 4.44,0.07, 0.30
UBFF 5.03, 0.07, 0.29 4.44,0.01, 0.30
GVFF 5.45,0.22,0.25,0.05 4.581,0.29,0.15,0.01
BF 4 (mels}
OVFF 2.98, 0.62, 0.94
UBFF 2.95, 0.16, 0.98
GVFF Diverges

TABLE 14 (continued). Il. Chlorides

Force
field IIA IIIA IVA VA
BCly ccty® tig.)
OVFF 1.32, 0.24, 1.63 1.79, 0.27, 0.65
UBFF 1.26, 0.05, 0.54 1.87,0.11, 0.64
GVFF Diverges Diverges
MeCly ™ AlCly SiCls" fliq.) PCls"
OVFF  0.68, 0.06, 0.16 1.64,0.08, 0.23 2.71, 0.20, 0.26 3.19,0.31, 0.30
UBFF  0.67,0.01,0.16 1.65, 0.03, 0.24 2.72, 0.08, 0.27 3.22,0.12,0.31
GVFF  Diverges 1.70, 0.29, 0.20, 0.05 2.81,0.31,0.27,0.06 3.29, 0.36, 0.36,0.08
GaCly™ GeCly* (liq.) AsCl"
OVFF 1.73, 0.06, 0.19 243, 0.14, 0.21 3.01, 0.26, 0.18
UBFF 1.72, 0.02, .20 243, 0.05,0.22 3.02,0.11,0.18

GVFF

1.94, 0.19, 0.14, 0.12

2.63, 0.22, 0.09,-0.02 3.22,0.17,0.22,0.02



s2

L.J. BASILE, LR. FERRARO, P. LaBONVILLE, M.C. WALL

TABLE 14 (continued) II. Chlorides

Force
field HA HIA IVA VA
InCls snCly*(lig.) ShClst

OVFF 1.54, 0.02,0.14 2.33,0.12,0.11 2.29,0.27,0.08

UBFF 1.57, 0.00, 0.15 2.30, 0.04, 0.14 2.30, 0.12,0.08

GVFF 1.77, 0.13, 0.08, {_).02 2.48,0.10,0.12,0.02 240, 0.07,0.16,0.01

TICIy PBCl* (lig.)

OVFF 1.39, -0.07, 0.15 1.99, 0.07, 0.06

UBFF 1.33,-0.04,0.18 2.01, 0.04, 0.05

GVFF 1.62,0.14, 0.05, 0.11 2.09, 0.05, 0.06, 0.003
CCls* (solid)

OVFF 1.97, 0.42, 0.60

UBFF 1.95, 0.12, 0.61

GVFF Diverges
CCI.;'{gas)

OVFF 2.02, 0.39, 0.60

UBFF 2.00, 0.11, 0.62

GVFF Diverges
SiCl4*(gas)

OVFF 2.71,0.24, 0.25

UBFF 2.69,0.07,0.28

GVFF 2.70,0.32,0.24, 0.06
SiCla* (solid)

OVFF 2.64, 0.26, 0.25

UBFF 2.64, 0.08, 0.27

GVFF 2.72,0.32,0.27, 0.06
GeCI,g*{gas}

OVFF 2.55,0.18,0.17

UBFF 2.49, 0.05, 0.21

GVFF 2.72,0.19,0.18,0.04
GeCIf{soIid}

OVFF 2.50, 0.21, 0.17

UBFF 2.48, 0.06,0.19

GVFF 2.68,0.17, 0.18, 0.03
SnCI.;‘{gasj

OVFF 2.45,0.13,0.84

UBFF 2.36,~0.02,0.13

GVFF

2.55,0.10,0.11, 0.02
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TABLE 14 (continued) II. Chlorides

53

Force
field HA A IVA VA
E 3
snCl, (solid)
OVFF 2.37, 0.15, 0.09
UBFF 2.34, 0.05, 0.11
GVFF 2.50, 0.09, 0.11, 0.02
PBCls*(solid)
OVFF 2.01, 0.16, 0.04
UBFF 1.91, 0.04, 0.09
GVFF 2.06, 0.05, 0.10, 0.02
TABLE 14 (continued) IIl. Bromides
Force
field IIA 1A IVA VA
BBr, 4- CB?‘q,
OVFF 1.04, 0.14,043 149, 0.20, 047
UBFF 1.09, 0.06, 0.42 1.57, 0.08, 0.46
GVFF Diverges Diverges
2 - . ¥ . +
Mng4 AlBrg SiBry (liq.) PBry
OVFF  0.62,0.07,0.11 1.36, 0.06, 0.20 2.02,0.14,0.22 2.04,0.22,0.10
UBFF 0.62,0.02,0.11 1.37, 0.02, 0.20 2.0S, 0.06, 0.23 2.10,0.08,0.12
GVFF  Diverges 1.25,0.30,0.21,0.06 1.96,0.32,0.24,0.06 1.86,0.19,0.36,0.09
GaBrs GeBrg (liq.)
OVFF 1.32,0.03,0.19 1.88, 0.10, 0.18
UBFF 1.33, 0.01, 0.19 1.89, 0.04, 0.18
GVFF 1.43,0.22,0.13,0.03 1.99,0.20,0.15,0.03
Infrg SnBry" (lig.)
OVFF 1.33, 0.02,0.12 1.84, 0.08, 0.11
UBFF 1.32, 0.01, 0.13 1.83,0.03,0.12
GVFF 1.44,0.13,0.08, 0.02 1.94,0.11, 0.10,0.02
TiBryq
OVFF 1.29, 0.01, 0.10
UBFF 1.28, 0.003, 0.11
GVFF 1.42, 0.01, 0.06, 0.01
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TABLE 14 (continued) III. Bromides

Force
field 1A 1A VA YA
x
SiBrs {gas)
OVFF 2.11, 0.20, 0.18
UBFF 2.13,0.06, 0.18
GVFF 2.05, 0.27, 0.22,0.05
GeBr:{gas}
QOVFF 1.97, 0.14, 0.15
UBFF 1.96,0.03,0.18
GVFF 2.05,0.19, 0.15, 0.03
SnBra(gas)
OVFF 1.94,0.10, 0.08
UBFF 1.90,0.02,0.11
GVFF 2.01, 0.10, 0.09, 0.02

TABLE 14 (continued) IV. Iodides

Force
field 17N 1A IVA VA
Cly

OVFF 0.94, 0.18, 0.35

UBFF 1.01, 0.08, 0.34-

GVFF Diverges

Mgl® All§ Sils " (solid)

OVFF  0.54, 0.05, 0.08 1.08,0.17, 0.08 1.48,0.11,0.16

UBFF 0.54, 0.01, 0.08 1.02, 0.02,0.15 1.50, 0.05, 0.16

GVFF  Diverges Diverges 1.40, 0.24, 0.18, 0.04
Galg Gel4'(soln. )

OVFF 0.98,0.02, 0.15 1.39,0.10,0.12

UBFF 0.98, 0.01, 0.15 1.41, 0.05, 0.12

GVFF 1.01,0.19,0.11,0.02 1.92,0.63,0.12,0.02
mg Sni," (soln.)

OVFF 0.98, 0.00,0.12 1.42, 0.07, 0.07

UBFF 0.98, 0.00, 0.12 1.42, 0.02, 0.08

. GVFF 1.06,0.13, 0.06, 0.01 1.47, 0.08, 0.07, 0.01
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TABLE 14 (continued) I'V. Iodides

Fotce
field A 117 IVA . YA
coer ¥
Sils (gas)
OVFF 1.52, 0.13, 0.13
UBFF 1.53,0.04, 0.14
GVFF 1.46, 0.20, 0.16, 0.04
GeI:{gas}
OVFF 1.52, 0.14, 0.07
UBFF 1.53, 0.05, 0.08
GVFF 1.54, 0.09, 0.11, 0.02
*
Snl, (gas)
OVFF 1.30, 0.07, 0.08
UBFF 1.28, 0.02, 0.09
GVFF 1.34, 0.10, 0.07, 0.02

Key to Table 14 and subsequent tables (compounds MXJ‘)

Force field Force constants

OVFF K, H F
UBFF K,D F
GVFF £ oSy aa

state (or ionic charge) of the central metal atom in the various tetrahedral molecules and
anions studied in this paper. Tables 14—19 list the force constants obtained from the three
force fields used. For the main-family tetrahalides the primary stretching force constant is
observed to increase as the oxidation state increases (Table 14). For example

BeF4¥ < BF4 < CF4 MgBrs?™ < AlBrs” < SiBrs < PBrs’
BCly < CCly GaBrs < GeBrg

MgCls®™ < AICly < SiClg < PClg" InBrq < SnBrg

GaCly < GeClg < AsClg" Mgls? < Allg < Silg

InCly < SnCly = SbCls" Gals < Gela

TICls < PbClg Inl; < Snlg

BBrs < CBrg

Although not nearly as many examples are available for the transition-group tetrahalides,
the same trend prevails (e.g. the primary stretching force constant for TiCly = VCl, >
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TABLE 15
Force constants for transition-metal tetrahalides. I. Chlorides (mdyne/fA)

Force
field Ivs VB ViB VIiiB
TiCly (soln.) VClg MnCL®
OVFF  2.50,0.08,0.17 2.32, 0.01, 0.19 0.84, 0.01, 0.13
UBFF  2.31, 0.03,0.1S 2.37,0.03,0.15 0.83, -0.002, 0.14
GVFF  2.67,0.17,0.11, 0.05 2.52,0.18, 0.09,~0.01 0.95, 0.14, 0.08, 0.02
ZrCly

OVFF  2.32,0.04,0.15
UBFF  2.31, 0.004, 0.16
GVFF  2.05, 0.15, 0.08, 0.007

HfCly,

OVFF  241,0.07,0.15
UBFF  2.37,0.0%, 0.17
GVFF  2.63, 0.14, 0.09, 0.01

TiCls ‘(gas}

OVFF  2.50,0.08,0.17
UBFF  2.51,0.03,0.15
GVFF 2.67,0.17,0.10, 0.005

TiCIq‘(soIid)

OVFF  2.46,0.09, 0.16
UBFF  2.49,0.04,0.13
GVFF  2.63,0.15, 0.10,-0.002

TABLE 15 (continued) Il. Bromides

Force

field IVB VB VIB VB
TiBrs '(soln». / 1‘{)!.3"42-
OVFF 2.08, 0.07, 0.11 0.78,-0.11, 0.26
UBFF 2.09, 0.04, 0.10 0.77,-0.04, 0.25
GVFF 2.15, 0.12, 0.09, 0.001 0.93, 0.29, 0.09, 0.01
ZfBI";

OVFF  2.08, 0.06, 0.09
UBFF  2.10, 0.03, 0.07
GVFF  2.16, 0.08, 0.06, 0.003
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Vit B B

FeCls® FeCly CuCl> ZnCl,®

0.85, -0.01, 0.15 1.50, 0.02, 0.20 0.61,-0.08, 0.30 1.07,-0.01, 0.13
0.84, ~0.01, 0.16 1.51,0.01,0.19 0.59,-0.04, 0.31 1.06,-0.01, 0.13

1.00, 0.16, 0.09, 0.02

1.70, 0.19, 0.11, 0.01

0.92, 0.31, 0.13, 0.03

1.21, 0.12, 0.06, 0.01

cacts* .{soln. y)

1.10, 0.06, 0.08
1.11, 0.03, 0.07
1.21, 0.06, 0.06, 0.00

HgCIf" ’

1.17,0.53, 0.08
1.16, 0.21, 0.09
1.27, 0.07, 0.15, -0.04

cdc1y® " fsolia)

0.80, 0.03, 0.17
0.81, 0.03, 0.16
1.03, 0.14, 0.07, 0.00

Vil

1B

2Z nquz'

0.69,-0.01, 0.18
0.69, 0.00, 0.17
0.74, 0.22, 0.12, 0.03

Cdquz_

0.75, ~0.04, 0.14
0.75, ~0.01, 0.13
0.89, 0.14, 0.05, 0.002
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TABLE 15 (continued) II. Bromides

Force

field VB VB ViB VIiIB
HfB"4

OVFF 2.12,0.05,0.13

UBFF 2.13,0.01,0.12

GVFF 2.27, 0.12, 0.07, 0.004

*

TiBrs {gas)

OVFF 2.14, 0.09, 0.10

UBFF 2.15,0.04, 0.09

GVFF 2.22,0.11, 0.08, 0.04

TABLE 15 (continued). HI. lodides

Force

field IVvB VB VIB VviiB
mq'{soln, J Mnls®

OVFF  1.61, 0.08, 0.09
UBFF 1.60, 0.03, 0.08
GVFF  1.64, 0.11, 0.07, 0.004

Zria

OVFF  1.62, 0.06, 0.06
UBFF  1.63,0.02,0.06
GVFF  1.66, 0.07, 0.05, 0.003

Hfly

OVFF  1.82, 0.16, 0.002
UBFF  1.84, 0.07, 0.006
GVFF  1.85, 0.00S, 0.08, 0.002

Tils ‘{soln_ J

OVFF  1.60, 0.07, 0.09
UBFF  1.60, 0.03, 0.09
GVFF  1.63, 0.11, 0.07, 0.004

0.60, 0.00, 0.10
0.60, 0.00, 0.10
0.63, 0.13, 0.06, 0.007
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Vit IB B
vl IB B
Znl, >

0.55,-0.02,0.14
0.55, -0.01, 0.14
0.63, 0.16, 0.06, 0.007

cdr®

0.60, -0.04, 0.11
0.60,-0.01, 0.10
0.68, 0.11, 0.04, 0.002




60 L.J. BASILE, LR. FERRARQ, P. LaBONVILLE, M.C. WALL

TABLE 16
Force constants for main-family oxygenated tetrahedral anions (mndynefA)

Force
field IVA VA VIA vila
Si0* POST 504% 105" (soin.)
OVFF  4.30,0.75, 0.51 5.03, 0.83, 0.82 6.06, 1.17,0.76 6.51, 1.70, 0.41
UBFF  4.29, 0.26, 0.57 5.03, 0.32, 0.85 6.06, 0.44, 0.81 6.52,0.63,0.47
GVFF  4.41, 0.64,0091,0.27 5.56,0.91, 1.04,0.24 6.56, 0.85, 1.18,0.27 6.73, 0.46, 1.24, 0.29
As0> Se0s* BrOog
OVFF 5.33, 0.96, 0.32 5.9, 0.86, 0.28 5.63,0.99, 0.09
UBFF 5.16, 0.32, 0.41 5.23,0.29, 0.37 5.47,0.35, 0.17
GVFF 5.74,0.29, 0.73, 0.17 5.78, 0.25, 0.63, 0.14 5.75, 0.08, 0.57, 0.11
Te04* 104
OVFF 2.90, 0.62, 0.26 5.80, 0.67, 0.02
UBFF 2.81, 0.22, 0.30 5.63,0.23,0.10
GVFF 3.30, 0.22, 0.48, 0.10 5.83, 0.02, 0.34, 0.06
105" (melzy
OVFF 6.56, 1.72, 0.50
UBFF 6.49, 0.59, 0.59
GVFF 6.78, 0.60, 1.28, 0.31

MnCl, ?"; FeCly 2 < FeCl,; TiBrs > MnBrs *"; Tily > Mnl4?") as seen from Table 15. Simi-

lar trends are noted for the main-family oxyanions (Table 16), and the transition metal oxy-,
thio- and selenc-anions (Tables 17, 18) (for example, the primary stretching force constant
for Si0,* < PO,3" < S04% < Cl04; AsO4* < Se0,% < BrO;7; TeO4s? <10,7; Re04% <
ReO, " ; Mn0,; 3 <Mn0,2"; V0,3 < Cr04? <MnO,;; Mo04 % < TcO4” <RuO4; WO, * <
ReO;” < 0504 ; MoO4 4~ < M00,;27; Ru0,%” < RuO,;” < RuOs; NbS,3~ < MoS,*; TaSs> <
WS,2" < ReSs; NbSes 3™ < MoSes?; TaSes3™ < WSes?"). Some minor defections for these
trends are observed. For example, the primary stretching force constants for CrO4*” ~ Cr04* <
Cr0,4%"; Fe04* > FeO4?™ = Fe0,%” < FeQgq; WO, > WO,

2. Atomic number effect. The effects of increasing the atomic number of the X atom on
the primary stretching force constant (Keeping the oxidation state and the central atom M
constant) for the main-family and the transition-metal tetrahalides are also apparent. For
example, the piimary force constant shows a decrease as one increases the atomic number
of the halogen atom (for example, the primary stretching force constant for MgCL*” > MgBr,*™ >
Mgl2"; CF4 > CCly > CBr4 > Cl4; AICLs > AlBry > All,; SiF4 > SiCly > SiBrg > Sily;
GaCl;y > GaBrs > Galy"; GeCly > GeBrg > Gely ; PCL > PBr,'; InCly > InBrg > Inly;
SnCl, > SnBrs > Snly; TiCly > TiBrs > Tils ; MnCl,?™ > MnBrg2™ > Mnl,?"; ZtCly > ZiBrs >
Zxl,; HICl; > HiBrs > Hflg; ZnCly®™ > ZnBrg?™ > Znl,?"; CdCL Y™ > CdBra?™ > Cdls ™).
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73 TaS4%™ > TaSe,* ; WS> > WSegz“)
The effects of atomic number on the primary stretching force constants as the atomic num-
ber of M is increased and the atomic number of X is kept constant (oxidation state also con-

stant) dao nat shaw svctamatin shanane Enre tha main_famile tatralialidas an inproaca in tha foree
Sianty GO nOT SNoW SYS5iemaud Cnianges. yof uic Hiali-18mily 1CuananaGls 4 neicast i uil 10

constant occurs from the carbon fetrahalides, to the silicon tetrahalides followed by a decrease
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same results were observed by Heath and Linnett 3® who accounted for the results in terms
Ul increased It:PulblVﬁ forces Qccurrmg in me camon 3!1(1 DOIOD. nauues wmcn cause a UlS‘
tortion in the central atom—halogen bond which weakens it to a greater extent than when
the central atom is larger (for example, the primary stretching force constants for BCly” <
AlICl; < GaCl, > InCL{ > TICL;; CCl, < SiCls 2> GeCly > SnCly > PbCl, ; PClLST >
AsCls" > SbCl,"; CBry < SiBry > GeBry > SnBry; Cl; <Sil, ~ Gels ~ Snls). As one pro-
ceeds to the transition-metal tetrahalides some evidence exists that the primary streiching
force consiant is greater for the third transition series than for the second or first transition
series (for example, the primary stretching force constant for HfCl; > ZrCl,; ; HfBry > ZtBry =
TiBrg; Hily > Zrlg = Tils ; TaS¢% > NbSs3 > V8,37, WS,2 > M0Sa?™; TaSe 3™ > NbSe,*™ >
VSes37; WSe,?™ > MoSes?"). Similar results were recently reported®® for the octahedral
hexahalogen molecuies. This is consistent with observations that more stabie compiexes are
found in the order of third transition series > second transition series > first transition
series. The behavior previously reported for Group IiB compounds *° is also observed in this
work for the zinc family chlorides (e.g. HgCls2™ > CdCls2™ > ZnCl,?Y).

The effect of the transition series is also demonstrated in the transition-metal oxyanions.
In the case of the transition-metal oxyanions the third transition series representatives show
a higher primary stretching force constant than that of the second or first transition series
(the primary stretching force constant for WO4>™ > MoO42" > Cr0427; ReO4 > TcO4 >
Mﬂ04—; 0504 > RU.O:; N RuOQ4 > FCO4_; RuO.;z" > F6042_; W04“'" > M0044_ > CI04“._;
Re0,3 > Mn0,%"; Hf04% > Zr0;% > Ti04%"). These trends may be due to the greater
amount of 7-bonding occurring for the third-row compared with the second-row or first-row
transition metal compounds®®41.

In the main-family oxyanion series the primary stretching force constant is observed to
behave erratically as the atomic number of the central atom increases, although a tendency
toward a decrease is observed in Group IIA (the primary stretching force constants for

S04% > 8e04* > Te0,%).

3. Physical state of matter. For several molecules a comparison of the primary stretching
force constant with the state of matter is possible (using K in the OVFF or UBFF). It is
observed that the force constant (gas) > force constant (liquid) ~ force constant (solid) in
the case of CCl,, SiCls, GeCly, and SnCl,. For SiBrs, GeBry, SnBrg, and Gel,4 the force
constant (gas) > force constant (liquid). For Sils4 the force constant (gas) > force constant
(solid). For PbCl, the force constant (liquid) = force constant (solid). Snl, appears to be the
only compound that does not follow this trend.
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Force constants for transition-metal oxyanions (mdyne/A)
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Force
ficld ivB vB viB
nios" vosr * ot * (aqueous soln.)
OVFF  3.53,044, 047 3.42,0.02,0.78 4.79, 0.39, 0.51
UBFF 3.47,0.13,0.50 3.55, 0.05,0.71 4.86,0.19,047
GVFF 4.10, 9.45, 042, 0.07 4.52, 0.64, 0.36, -0.003 5.48,043,042,002
Zrog® Mo0>"
OVFF 5.29, 0.90, 0.15 4.77, 0.06, 0.72
UBFF 5.16, 0.32,0.22 4.87, 0.08, 0.67
GVFF 5.50, 0.13, 0.52, 0.09 5.94, 0.55, 0.35, 0.02
HfOsY wos> "
OVFEF 5.27,0.92,0.16 5.01, 0.10, 0.79
UBFF 5.01, 0.29, 0.27 5.03,0.04,0.79
GVFF 5.51,0.15, 0.56, 0.11 6.42, 0.58, 041, 0.04
vos* * Crogt * {melt)
OVFF 3.61, 0.32,0.65 4.75, 0.54, 0.49
UBFF 3.53, 0.06, 0.69 4.80,0.20, 0.46
GVFF 4.46, 0.61, 0.42, 0.05 5.40, 0.41, 0.44, 0.03
0043- *
OVFF 4.70, 0.27, 043
UBFF 4.55,0.04, 0.51
GVFF 5.25,0.43,0.32,0.05
cos*
QVFF 4.50,0.70, 041
UBFF 4.50, 0.26, 041
GVFF 5.02,0.37,0.51, 006
MOOQ‘” *
OVFF 4.77,0.24, 0.28
UBFF 4.67,0.26, 0.33
GVFF 5.19,0.24,.0.49, 0.08
wost*
OVEF 5.87,0.93,0.11
UBFF 5.62,0.3%, 0.21
GVFF 6.03, 0.11, 0.53,0.10
OVFF
UBFF

GVFF
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ViiB VI

Mnog"* reo;" Co0.*

5.41,0.83,0.30 5.10, 0.03, 0.71 4.79, 0.53, 0.28

5.36,0.32.0.34 5.2§, 0.06, 0.62 4.78, 0.19, 0.29

5.80, 0.27, 0.58, 0.09 8.17,2.61,0.33,-0.002 5.17,0.24,0.36,0.04

TcO[ Ruo‘{"

5.93, 0.35, 0.50 5.28,0.37,0.30

6.11, 0.19, 0.41 5.36, 0.15, 0.27

6.75, 0.36, 0.37, -0.004 5.77, 0.22, (.28, 0.015

ReOg4 * faqueous soln.)

6.43, .30, 0.62

6.46, 0.13, 0.61

7.53, 045,043, 0.04

Mno =" Fe0,®"

4.69, 0.36, 0.39 3.96, 0.35, 0.46

4.79, 0.19, 0.33 4.08,0.14,0.39

5.24,0.32,0.33,-0.002 4.66, 0.78, 0.38, 0.00

MN043— * F8043- *

3.22,-0.11,0.98 4.20, 0.38, 0.34

3.33,-0.01, 0.92 4.06, 0.09, 042

4.66, 0.79, 0.38, 0.00 4.63, 0.35, 0.35, 0.07

Re0q " fsolid) Feos*"

6.96, 0.76, 0.36 4.85, 0.48, 0.15

6.64, 0.21, 0.50 4.76, 0.16, 0.20

7.54, 0.35, 0.55,0.10 5.04, 0.14, 0.31, 0.05

ReOf- * Ru042- * (K salt} Ru04* .(aqueous soln.} Ru0;* * {Ba salt}

6.23, 0.76, 0.04 441, 0.36, 045 5.15, 0.58, 0.27 5.21, 0.60, 0.26

5.87, 0,23, 0.11 4.49,0.17, 0.41 5.19, 0.25, 0.25 .26, 0.27, 0.23

6.14, 0.01, 0.40, 0.09 5.14, 0.34, 0.37, 0.02 5.58,0.20, 0.38, 0.02 5.63,0.19,0.38,0.02
Ru0;" (lig.) RuO4 solid)
6.24, 0.58, 0.29 6.32, 0.60, 0.25
6.31, 0.26, 0.26 6.38, 0.26, 0.22
6.71, 0.21, 0.39, 0.02 6.72,0.18, 0.38, 0.02
Os04 (gas) O304 (Iig.) Os0y4 (solid)
7.39, 0.60,0.36 71.27,0.56, 0.38 7.22,0.54,0.38
7.45,0.23,0.34 7.28,0.23,0.38 7.29,0.24,0.36
8.03,0.25, 0.41,0.03 10.59, 2.92, 0.44, 0.04 7.91, 0.27,0.43, 0.03
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TABLE 18
Force constants for transition-metal thio and seleno tetrahedral anions (mdyne/A)

Force
field VB ViB ViIB

vsa®

OVFF 2.03,0.21,0.26
UBFF  2.08,0.12,0.23
GVFF  2.30, 0.26, 0.22, -0.02

NbS43_ MOqu.
OVFF 2.07, 0.14, 0.28 2.72, 0.25,0.34
UBFF 2.14, 0.05, 0.24 2.81,0.11, 0.28
GVFF 2.45,0.23, 0.16, ~0.004 3.18, 0.27, 0.23, -0.005
TaSs™ A ReSs
OVFF  2.15.0.19,0.31 2.98,0.23,0.39 3.28,0.31,0.37
UBFF 2.17, 0.06, 0.30 3.01, 0.07,0.35 3.32,0.11, 0.35
GVFF  2.64, 0.25,0.20, 0.009 3.56, 0.29, 0.24, 0.01 3.87,0.29, 0.28, 0.01
VSe43_

OVFF 1.75,0.23, 0.20
UBFF 1.75,0.11, 0.16
GVFF 1.86, 0.21, 0.18, -0.03

NbSef' MoSeaz“

OVFF 2.02,0.14,0.18 2.32,0.26, 0.19

UBFF  2.06,0.07,0.13 2.38,0.13,0.14

GVFF  2.18,0.16,0.12,-0.02 2.51,0.17,0.18,-0.02
TaSes™ wSe*”

OVFF  2.07,0.16, 0.22 2.60, 0.14, 0.29

UBFF  2.14, 0.07,0.17 2.69, 0.06, 0.23

GVFF  2.34,0.18, 0.15,-0.008 2.96, 0.24, 0.14, —0.009

(b} Summary

Because the previously discussed difficulties involved for the tetrahedral molecules are
so severe, it is suggested that the force constants obtained in this work are most useful only
ona compérative basis.

The use of the primary stretching force constant as a measure of bond strength has been
suggested 3437, We observe with a large number of data that the primary stretching force
constant increases with an increase in oxidation state. Additionally, the primary stretching
force constant decreases as the atomic number of the X atom increases in MX,"-type mole-
cules or anions, where X = halogen, oxygen, sulfur or selenium. If X is kept constant
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TABLE 19

Force constants for miscellaneous Td molecules (mdyne/A)

Force
field
B{OH};
OVFF 2.11, 0.59, 0.90
UBFF 2.08, 0.16, 0.92
GVFF Diverges
AI{OH};.
OVFF 2.52,0.29, 0.32
UBFF 2.58, 0.16, 0.28
GVFF 2.84, 0.32, 0.28, -0.02
Zn{OH}4
OVFF 2.30,0.32,~0.02
UBFF 2.28,0.76,-0.02
GVFF 2.28, -0.02, 0.31, 0.006
XeOy4 (solid} XeOy4 (gas}
OVFF 6.18, 0.88,-0.16 6.34, 0.84,-0.16
UBFF 6.00, 0.31, ~0.08 6.13, 0.30 -0.07
GVFF 5.93,-0.13, 0.34, 0.05 6.09, -0.14, 0.35, 0.06
UF,
OVFF -0.07, 0.09, 1.05
UBFF -0.05, 0.04, 1.05
GVFF 2.38, 0.61, 0.15,-0.14
ASqu
OVFF 1.89, 0.29, 0.23
UBFF 1.89,0.11, 0.24
GVFF 2.13,0.23, 0.28, 0.05
SbSa*
OVFF 1.86, 0.24,0.17
UBFF 1.86, 0.10, 0.17
GVFF 2.79, 0.84, 0.20, 0.03

and. the atomic number of the central atom is increased in main-family tetrahalides, the
primary stretching force constant shows an initial increase from C -* Si or B = Al, and then
a decrease as one proceeds down the main group. For transition MX4"-type molecules and
anions the primary stretching force constant is greatest for the third transition series and de-
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creases in going to the second and first transition series. Similar observations are made for

the transition-metal oxyanions.

{iii} Frequency trends

For > 90% of the molecules studied »3 > v, . The largest number of examples which
showed v, >> v3 appeared for the transition-metal oxyanions. In most of the cases where
v3 > v, then vy > v, . Only a few examples exist where ¢, > v4, and these occur for the
transition-metal oxyanions. It is apparent that v, is a better measure of X or f, than isvs
This has recently also been recognized by Gonzalez-Vilchez and Griffith3 for the transi-
tion-metal oxyanions.

(iv} Potential energy distribution (PED)

{a} The tetrahalides

The calculated PED for the OVFF and the UBFF indicates that v, is predominantly a
stretching vibration due to the force constant K. However, as the mass of the central atom
(M) is decreased, maintaining that of the halogen (X) constant, the importance of the re-
pulsion constant F increases. When the mass of M is greater than the mass of X, »; becomes
predominantly due to the repulsion force constant. The degree of repulsion also increases
fromF = 1.

The v, vibration is predominantly due to the repulsion force constant for all of the tetra-
halides, decreasing as the mass of the halogen increases.

The v3 vibration is predominantly due to the stretching force constant K, although a slight
mixture of £ and H are present. The latter become insignificant as the mass of the halogen
increases.

The v, vibration is predominantly due to the repulsion force constant with a mixture of
K and H, with H becoming more important as the mass of the halogen increases.

{b) The oxy-, thio- and seleno-anions

For these anions the vibrations appear to be purer than those found for the tetrahalides.
The modes v, and v are mainly stretch, and v, and v, are a mixture of repulsion and bend,
with the bending force coastant becoming more important as the mass of the ligand increases.

{c) The hydroxides — M{OH}"

Some question concerning the validity of the symmetry involving these anions has been
raised *2, All modes seem to show a predominant dependence on the repulsion constants
with the exception of v, which is a mixture of X, F and H with K predominating.
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