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A. INTRODUCTION 

Six years have elapsed since Miiiler et al. rS2 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 spectrascopy 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 Td 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 (MOen), 8 thio ions (MS,+“), 5 scleno ions @Be,“), 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 subject 3-8. 

In dealing with a tetrahedral molecule four frequencies are found to be vibrationally al- 
lowed, rti = A 1 (R) + E(R) + 2Fz (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 0VFFr2 offer a solu- 
tion to the problem. In the URFF the force constants are K (force constant for stretching 
along a bond); N (force constant for angle deformation (Ao)); F and F’ (force constants for 
interactions between non-bonded atoms). In the cast of the OVFF the symbol D replaces 

f;r, and corresponds to the Heath and Linnett l2 angle based on overlap of orbit& (A@; 
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 -&F for r’ 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 
rne~~~~ value of F’ in terms of F was unav~able from this me~od. 

The potential energy functions for Td molecules using the IJRFF and the OVFF may 
be expressed as 

UBFF: 

+ 2r~~f-s F') C Aat, IAUi k 
i,j,k ’ ’ 

(9 
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Here Ar and Aa 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 r. refers to the 
bond distance at the equilibrium position. 

OVFF: 

4 6 

2V=(K+2F+F’) cAri +roz(~D+fF-~F’)~aaij2 
i ii 

+ 2(~F- gF’) ~ ~~L5fi + ~0 [~(~ + F’) ~ ~jApijJ 
w . . . 

&Cl 

The symbolism is equivalent to that used in the UBFF expression above except that Af3 
replaces Acu. 

The differences between the UBFF and the OVFF relate to the fact that the UBFF ex- 

presses the bending force constant H in terms of AL\CU, a change in the angle between two 
bonds, while the OVFF expresses the bending constant D in terms of A@, 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 rehybridization13 of the bonding orbitals that takes 

place during the bending motion of the molecule. 
The GVFF for Td molecules requires seven force constants to describe the forces taking 

place in the Td molecule. In the GVFF the force constants are: fr (force constant for stretch- 
ing along a bond); fn (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); fra (force constant for interaction between a stretch and an adjacent 
angle deformation); fme (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 &,e) and 
angle-angle u-e) interactions are zero since the two internal coordinates do not share a 
common bond, However, we have used the muhiple regression analysis of Schachtschneider 

and Snyder I4 to fmd those starting force constants for the Td field to which the calculated 
frequencies are most sensitive. The constants fdl and&. for the pair of compounds SiH4 and 
SiI& were used and were refuted by the perturbation technique, while all other constants 

were held fured at zero. The multiple regression analysis added those interaction constants 
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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, andf,, the necessary interaction terms chosen by the regression technique were fm and 

f aoz’ 
The potential energy function for a Td molecuIe for the constrained GVFF is therefore, 

(3) 

It 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’s14 FADJ programs. 
The systems converged with about 4-5 per~rha~ons 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 r6 _ This 

divergence is undoubtedly due to our neglect of interaction constants to account for the 
large Coriolis interactions commonIy 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 

~=s~~-w&wsx (4) 

obtained a minimum, and changes in the F matrix were made so small that the changes in the 
frequencies were negligible, i.e. 
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TABLE 1 

F and G matrices obtained for URFF, OVFF and GVFF for AR4 molecules and ions 

F matrix 

Mode G matrix UBFF a OVFF u GVFF 

Al %I=% F1, = K+4F Fat = K+4F F1t = (f,+3f# 

E G, = 3~~ Fp =H+-jF--fF’ F. = $D+$F-4F’ Fp =ua-2f& 

F2 G33 =%*+I$ F33 = K +$F+F’) Fu = K++F+3F’ h=v;-frr) 

Ga = G43 =-bA F34 =F43=$(F+F’) F;Y1=F43=-&F+F’) F3ca=F43=0 

G-s = !$Q + 2~~ F+,=Hf$F--SF’ FM =$D++F-jF’ Fw =f, 

a For the UBFF and the OVFF the assumption F’ = -&F was used. 

Ta symmetry coordinates 

A I vibration 

Rl =&Ad, +Adz +Ad3+A4) 

R2 =-@Acq2 + Aam + Aa + Aarl4 + Au= + Aa& = 0 

E vibration 

F vibrations 

R4a =&f2Aa~ - Aa - Aa31 * Acrl4 + Aa= - 2Aaw) 

R4b =&(Aal2 + Aa + AaS1 - Aa14 - AaM - Aajq) 

R4C = &Aau - Aaal - Aa14 + Aa& 

RSa =$&I + A& - 2add 

RSb =$pdi + Ad, i- Ad3 - 3Ad4) 

RSC =&w2 - add 
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where NIV denotes the iteration number. The weighting element W was used, where W = 
l/X, according to Mann et al. ” to ensure a fit on a percentage basis. 

D. RESULTS AND DISCUSSION 

(if Comparison of force fields 

A comparison of the OVFF and UE3FF is made for the main-family and transition-metal 
tetrahalides and for the main-family and transition-metal oxy-, thio and seIeno-anions (e.g. 

MOqR, MSs”, MSesn)_ This comparison is made in Tables 2--13, Also included in these 
tables are the average percent deviation of the stretching modes (vl, vBj and the bending 

modes (v?, v4)_ 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 modification of these force fields without coroltary 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 casts 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 vl , v3 stretching modes, and the other field 3 better fit for the ~2, 
v4 bending vibrations. In the case of 11 gaseous molecules in this group, bc th fields appear 
to determine the forces within the molecule equally well. 

Tables 6-8 include the experimental frequencies and those calculated 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 (M04nj 
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. 

(dj Tmnsitiownetat oxygerzrted anions (M04”j 
Table IO lists the data for the tr~sition-Mets 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 
vl, p3 vibrations while the other is better for the v2, v4 vibration. 

(e) T~a~si~io~~-~e~al t&o- and se~eno~~i~ns (MS4”, MSe4”j 
Tables 11 and 12 list the computer results for the OVFF and UBFF for six tbio-anions 
(MS,“) and five seleno-anions (MSe,“). In three out of six cases for the thio-anions the 
OVFF is slightly preferred, while ln the five cases involving the seleno-anions the fields are 
essentially equivalent. 

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

A number of difficulties in making a choice of force Gelds 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 Iess than the frequencies observed. No an- 
harmonicity corrections were made, and a good deal of the spectroscopic data were ob- 
tamed for solids, where local perturbations become more important. Added to this is the 
complication that certain structures distorted from Td are possible. Recent publications’s*‘g 
indicate that in the A2 MCI4 series (A = Cs and M = Fe, Co, Cu and Zn), distorted MC14’- 
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 M&‘- in the 
melt XJ. Recent molecular dynamics calculations have indicated that the predominant struc- 
ture is trigonal M&X;_ 

It is to be noted that except for the main-family oxyanions, only small differences existed 
between the resuits 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 Liinett ” 
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 position-Mets oxyanions. 
These include the GVFF, UBFF, OVFF and a modified valence force field (MVFF)‘*22-26. 
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 expiained 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 TlCL- may be cited. In the original assignments’* the 78 cti’ absorption was assigned 
as u2 and the lowest absorption at 60 cm’ was assigned as v4. 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 v2 at 60 cm-‘. 
This is reasonable since for most main-family tetrahalides of Td symmetry reported in this 
paper, the value of v4 is greater than v2, in agreement with conclusions reached by others26*30*33. 

{ii) Discussion of force constants 

Various correlations between vibrational frequencies and the properties of molecules 
have been made26-M_ 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 Mhn-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 fi in the GVFF), appear to give 
similar trends for all fields. The smaller magnitude of the other force constants (H and F 
in the OVFF, D and Fin the UBFF and f,, f, and f_ in the GVFF) prevents one from 
making any additional meaningful comparisons. 

The difficulties which present themselves in the case of tetrahedral molecules have been 

discussed in a previous section. Additional problems may be cited. For example, in some 
cases vz is assumed to be equal to v 4, 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 31 _ These difficulties con- 
tribute to the uncert~nty of the force constants for Td 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 a;e either not availabie or in the case of solids and liquids ~possible to obtain. 

[a) Trends 

The relationship between the primary stretching force constant with the physical prop- 
erties in ML’-type molecules has been previously citedW3’. However, most of the pre- 
vious conparisons 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. 

I. Oxidation state. The primary stretching force constants involving the MX stretch (K 
in the OVFF and UBFF, and f, iii 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 mdyne/A. An asterisk after the formula of a compound 

in the tables means that there is one or more additional entry for that compound. 

Eorce 

field IIA IIIA iVA IVB 

BeF.+* BF4- (solid) CF4 

OVFF 1.42.0.31.0.48 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 

SiF4 

OVFF 5.86, 0.50,0.33 
UBFF 5.83,0.17, 0.38 
GVFF 7.11.2.39.0.46, 0.10 

OVFF 
UBFF 

GVFF 

OVFF 
UBFF 

GVFF 

BF4-[melq 

2.98,0X52,0.94 
2.95,0.16,0.98 

Diverges 

GeF4 RF4 &us) 

s.11,0.24,0.24 4*44,0.07,0.30 
5.03, 0.07, 0.29 4.44. 0.01,0.30 
S.4S,O.22,0.25,0.05 4.&l, 0.29, O.lS,O.Ol 

TABLE 14 (continued). II. Chlorides 

Force 
field 1IA IIIA IVA VA 

3t.q- CC&&, 

OVFF 1.32,0.24, 1.63 1.79,0.27,0.6.5 

UBFF 1.26.0.05.O.S4 1.87,O.ll. 0.64 

GVFF Diverges Diverges 

M&Q- AlCl.%+-. SiCi4’(liq.) Paa+ 

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 1.6-S, 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 

eaci4- GeCI.+*(liq.) AsC14+ 

OVFF 1.73,0.06,0.19 243,0.14,0.21 3.01,0.26,0.18 
UBFF 1.72,0.02,0.20 2.43,0.05,0.22 3.02,0.11,0.18 
GVFF 1.94,0.19,0.14,3.12 2.63,0.22,0.09,-O.O2 3.22,0.17,0.22.0.02 
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TABLE 14 (continued) II. Chlorides 

Force 

field HA IIIA IVA VA 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 

UBFF 
GVFF 

OVFF 
LJBFF 
GVFF 

OVFF 
UBFF 

GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

IflCl~- SnCl.&q.) SbCl,' 

1.54,0.02,0.14 2.33,0.12,0.11 2.29,0.27,0.08 
1.57,0.00,0.15 2.30, 0.04,0.14 2.30,0.12,0.08 
1.77,0.13,0.08,0.02 2.48,O.lO,O.i2,0.02 2.40,0.07,0.16,0_01 

ncr,- PbCt,, ‘{iiq.) 

1.39, -0.07,O.lS 1.99.0.07, 0.06 
1.33, -O.O4,0.18 2.01,0.04,0.05 
1.62,0.14,0.05,0.11 2.09,0.05.0.06,0.003 

~~~~~S~l~~) 

1.97,0.42,0.60 
1.95, 0.12, 0.61 
Diverges 

cci~+@) 

202,0.39,0.60 
2.00,o. 11,0.62 
Diverges 

SiC14*(gas) 

2.?1,0.24,0.25 

2.69,0.07,0.28 
2.70, 0.32,0.24,0.06 

SiO~*(soiid) 

2.64, 0.26,0.25 
2.64, 0.08, 0.27 
2.72,0.32,0.27,0.06 

GecI,, *{gaf) 

2.55,O.I8.0.17 
2.49, 0.05,0.21 

2.72,0.19,0.18.0.04 

GeCl4+(solid) 

2.50,0.21,0.17 
2.48,0.06.0.19 
2.68,0.17,0.18,0.03 

sflu&as~ 

2.45,0.13,0.84 
2.36, -0.02,0.13 
2.55,0.10,0.11,0.02 
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TABLE 14 (continued) II. Chlorides 

53 

Force 
field LIA 

OVFF 
UBFF 
GVFFJ 

OVFF 
UBFF 
GVFF 

IllA IVA VA 

sflci&md) 

2.37,0.15,0.09 
2.34,0.05,0.11 
2.5q. 0.09,0.11,0.02 

P~Cl~~~~~~~ 

2.01.0.16.0.04 
1.91.0.04.0.09 
2.06,0.05,0.10,0.02 

TABLE 14 (continued) III. Bromides 

Force 
field IIA IIIA IVA VA 

OVFF 
UBFF 
GVFF 

BBr< 

1.04,0.14,0.43 
1.09,0.06,0.42 
Diverges 

Jfgsr4” AlBr4- 

OVFF 0.62,0.07,0.11 1.36,0.06,0.20 
UBFF 0.62,0.02,0.11 1.37,0.02,0.20 
GVFF Diverges 1.25,0.30,0.21.0.06 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

CBre 

i.49.0.20,0.47 
1.57,0.08.0.46 
Diverges 

GUBQ- 

1.32,0.03,0.19 
1.33*0.01,0.19 
1*43,0.22,0.13.0.03 

Sii?r+*(liq.l PBr4+ 

2.02,0.14,0.22 2.04,0.22,0.10 
2.05,0.06,0.23 2.10,0.08,0.12 
1.96.0.32,0.24.0.06 1.86.0.19.0.36.0.09 

GeBrg *(ii+} 

1.88.0.10.0.18 
1.89,0.04.0.18 
1.99,0.20.0.15,0.03 

in&< SnB&Q.~ 

1.33,0.02,0.12 1.84. 0.08.0.11 
1.32,0.01,0.13 1.83,0.03,0.12 
1.44,0.13,0.08,0.02 1.94,O.ll.O. 10,0.02 

TlBr; 

1.29,0.01,0.10 
1.28,0.003,0.11 
1.42, 0.01, 0.06,O.Ol 

OVFF 
UBFF 
GVFF 
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TABLE 14 (continued) III. Bromides 

_ 

Force 
field iIA IIIA IVA VA 

S2&--gL7*) 
OVFF 2.11, 0.20, 0.18 
UBFF 2.13,0.06, 0.18 

GVFF 2.05.0.27.0.22.0.05 

W3&gS) 

OVFF 1.97.0.14.0.15 
UBFF 1.96.0.03,0.18 

GVFF 2.05.0.19,0.15,0.03 

OVFF 
UBFF 
GVFF 

Sn3r4 (gas) 

1.94,0.10,0.08 
1.90,0.02,0.11 
2.01. 0.10, 0.09. 0.02 

TABLE 14 (continued) IV. Iodides 

Force 
field IIA IIIA IVA VA 

c-74 

OVFF 0.94,O.f 8, 0.35 
UBFF i.01, 0.08,0.34- 
GVFF Diverges 

M&Q- AU4- SiIa *(so Iidj 

OWF 0.54,0.05,0.08 1.08,O.I 7.0.08 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 

cara- G&&h/ 

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 

Irzr~ snr&.?ln.) 

OVFF 0.98,0.00,0.12 1.42.0.0?,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,OI 
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TABLE 14 (continued) IV. Iodides 

Force 
field IIA 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
U5FF 
GVFF 

IIiA IVA. VA 

. sir&Is) 

1.52,0.13,0.13 
1.53,0.04,0.14 
1.46,0.20,0.16,0.04 

c&*(&m/ 

1.52,0.14,0.07 
1.53, 0.05.0.08 
1.54,0.09.0.11,0.02 

StlIL&l@ 

1.30,0.07,0.08 
1.28,0.02.0.09 
1.34.0.10,0.07,0.02 

Key to Table 14 and subsequent tables (compounds M&‘) 

Force field Force constants 

OVFF K. ff. F 
UBFF K, 0. F 
GVFF fr f, fd faa 

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 exampIe 

BeFi* < BFa,- < CF,, 

BCL+- < CC4 
MgCl~* < Ait&- < SiCtc, < PQ4+ 

GaCL$-< m < AsC4* 
I&4- < SnC& = SbCl4+ 

na-cpMn4 
BBr4- < CBr4 

MgBr4 * < AlBr4- < SiBr4 < PBra+ 
GaEhb- < GeBr4 
InBre- < SnBr4 
MgE4* < Al14- < Sir4 

GaI.+- < Gef4 
fnf4- < SnI4 

AMtough not nearly as many examples are available for the transition-group tetrahalides, 
the same trend prevails <e.g. the primary stretching force constant for Tic& Z WI4 > 



56 L.i.BMiLE,J.R. FE~RO.P.LaSONVILLE,M.C.WALL' 

TABLE15 

Fo~econs~tsfortransition-metaitetrahaIides.I.Chlorides(mdyne/A) 

Force 
field XVB VB VIB VIIB 

nc~.q*(.0lk) VCI, MnCie?- 

OVFF 2.50,0.08.0.1-i 2.32,0.01,0.19 0.84,0.01,0.13 
UBFF 2.31, 0.03. 0.15 2.37, 0.03. 0.15 0.83,-0.002,0.14 
GVFF 367,0.17,0.11,0.05 2.52,0.18,0.09,-0.01 0.95,0.14,0.08,0.02 

zrc14 

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

fffC4 
OVFF 241, 0.07.0.15 
UBFF 2.37,0.01,0.17 
GVFF 2.63,0.14,0.09,0.01 

ncr,iw 

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

TicI4*[sdidJ 

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 (contimxed)ILBromides 

FOX%? 
field IVB V-B VIB WB 

TlB&Olfk) MhBr4 2- 

OVFF 2.08,0.07,0.11 0.78,-0.11,0.26 
UBFF 2~09,0.#,0~10 0,77,-0.04,0.25 
GVFF 215,0.12,0.09,0.001 0.93.0.29,0.09,0.01 

z&f?4 

OVFF 208,0.06,0.09 
UBFF 2.10,0.03~0.0? 
GVFF 2.16,0.08,0~~,0.003 
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vu 

FeCTa* 

0.85, -0.01,0.15 
O-84,-0.0&,0.16 
1.oo,0.16,0.09,0.02 

IB IIB 

FCCIb$- czlxIq* Zrzc7~~ 
1.50,0.02,0.20 0.62,-O.O8,0.30 E.07,-0.01,0.13 
L.51,0.01,0.19 0.59,-a.o4,0.31 1mi,-0.01,0.13 
1.70,0.19.0.11,0.0L 0.92,0.31.0.13.0.03 1.21.0.12,0.o6,0.01 

cticLp-*fsoIq 

1.10,0.06,0.08 
1.11,0.03.0.07 
1.21,0.06,0.06,0.00 

f&c&* 

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

cvcl~qsdid~ 

0.80,0.03,0.17 
O.SL,O.O3,0.16 
1.03,0.14.0.07,0.00 

VII I3 1iB 

ZnBr4” 

0.69.-o.Ol,O.f8 
0_69,0_00,0.17 
0.74,0.22,0.12,0.03 

CiiBr~’ 

0.75,-0.04,0.14 
0.75,-0.01,0.13 
0.89,0.14,0.05,0.002 
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TABLEIS (c~ntinued)fI. Bromides 

Force 
fie!d IVB VB VIB VIIB 

Nm4 

OVFF 212.0.05.0.13 
UBFF 2.13, 0.01,0.12 
GVFF 2.27,0.12,0.07,0.0@+ 

7=&W 

OVFF 2.f4,0.09,0.10 
ISBFF 2.15.0.04.0.09 
GVFF 222,0.11,0.08.0.04 

TABLE 15 (continued). HI. Iodides 

Force 
field IVB VB VIB WIB 

lw&?rtq Mn&" 

OVFF 1.61,0.08,0.09 0.60, 0.00, 0.10 
UBFF 1.60,0.03,0.08 0.60,0.00,0~~0 
GVFF 1.64,0.:1,0.07,0.004 0.63,0.13,0.06,0.007 

2214 

OVFF 1.62, 0_06.0.06 
UBFF 1.63, 0.02,0.06 
GVFF 1.66, 0~07~0~05.0.003 

m4 

OVFF 1.82,0.16,0.002 
UBFF 1.84,0.07.0.006 
GVFF 1.85,0.005.0.08,0.002 

nr.&OIn_~ 

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



vn IB IIB 

VII IB IIB 

.ztzl~* 
0.55.-0.02,O.14 
0.55.-0.01,0.14 
0.63,0.16,0.06.0.007 

Cdl,’ 

0.60,-0.04,0.11 
0.60.-&01,0.10 
0_68,0_11,0.~,0-002 
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TABLE16 

Force constants for main-family oxygenated tetrahedral anions (mdynelr8) 

Force 
field lVA VA VIA MIA 

SiO.?$++ POS3 soqz‘ ao‘+-*(soIIL/ 

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, O-32.0.85 6.06, O&,0.81 6.52,0.63,0.4? 
GVFF 4.41.0.64,0.91,0.27 5.56,0.91, l&%,0.24 6.56,0.85, l-18,0.27 6.73,0.46, l-24,0.29 

As04” SeO4* BrO, 

OVFF 5.33,0.96,0.32 5.39.0.86.0.28 5.63,0.99.0.09 
UBFF 5.16,0.32,0.41 X23,0.29,0.37 5.47.0.35,0.17 
GVFF 5.74,0.29,0.73,0.1? 5.78,0.25,0.63,0.14 5.75,0.08,0..57,0.11 

TeO4’ IO, 
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 

crO,*(mei*j 

OVFF 6.56, 1.72,O.SO 
UBFF 6.49,0.59.0.59 
GVFF 6.78.0.60. 1.28.0.31 

MnC14 2-; Fe& ‘- < FeClb’; TiBrd > MnBr4 *-; T& > MnI,, 2, as seen from Table 15. Simi- 
lar trends are noted for the main-family oxyanions (Table 16), and the transition metal oxy-, 
thio- and seleno-anions (Tables 17, 18) (for example, the primary stretching force constant 
for SiOe4- < PO4 3- < SO4 ‘- < ClO,; As04’- < Se04 2- < BrO,; Te04 *- < 104-; Re043- < 
ReO,-; Mn04 3- < Mn04 *-; V04 3- < Cr04 2- < MnO,-; Moo4 2- < TcOd < RuO4 ; WO4*’ < 
ReO, < 0~04 ; Moo4 4- < Mo042-; Ru04*- < RuO,- < Ru04 ; NbS43- < MoSd’-; TaSe3- < 
WS4’- < ReS,; NbSe43- < MoSe4*-; TaSe4 3- < WSe4’-). Some minor defections for these 
trends are observed. For example, the primary stretching force constants for C104~- 2 CriCk3-< 
CrO,“-; Fe044- > FeOg3” z Fe042- < FeO,; W044- > W042-. 

2. Atomic number effect, The effects of increasing the atomic number of the X atom on 
the primary stretching force constant (tieping the oxidation state and the central atom M 
constant) for the main-family and the transition-metal tetrahalides are also apparent. For 
exampie, 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’- > MgBr4’- > 
MgI4’-; CF4 > Ccl4 > CBr4 > C14 ; AK&Y > AlBr.+- > AlI,; SiF4 -> Sic4 > SiBr4 > SiI4 ; 
Gael4 > GaRrc > Gal,“; G&I, > GeBr4 > GeI, ; l?Cb* > PBr2; InC4- > InBr4- > InI<; 
SnCL > SnBr, > S&r,‘; TiCl, > TiBr, > Ti.i4 ; MnC142- > MnBr42- > MnI4’-; ZrClr) > ZrBr4 > 
ZrIg ; HfCL, > HfBr4 > Hff 4 ; ZnCb2- > ZnBr42- > Zn14*“; CdCb2- > CdBr42- > CdI4*3. 
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Similar trends are observed in the thio and seleno series (e.g. VOa3- > VS4’- 3 VSee3-; 
NbS++” > NbSee”; MoS4*- > Mo$e4*-; Ta&‘- > TaSee2-; WSa2- > WSe4*-).. 

The effects of atomic number on the primary stretching force constants 2 the atomic num- 
ber ofM is increased and the atomic number of X is kept constant (oxidation state also con- 
stant) do not show systematic changes. For the main-family tetrahalides an increase in the force 
constant occurs from the carbon .tetrahalides. to the silicon tetrahalides followed by a decrease _ . I _ . _ . 
in going to Ge, Sn, and Pb. Similar effects are noted with the B, Al, Ga, In and Tl series. The 
same results were observed by Heath and Lmnett 38, who accounted for the results in terms 
of increased repulsive forces occurring in the carbon and boron halides which cause a dis 
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 BC14- < 
AK14 < CaC4- > InCL+- > TlC14-; Ccl+ < Sic14 > GeC14 > SnC14 > PbC14 ; PC14+ > 
AsClf > SbC4’; CS& < SiBr4 > GeBr, > SnBr+; CI, < Sii, ‘v Cei,, N Snl.,). As one pro- 
ceeds to the transition-metal tetrahalides some evidence exists that the primary stretching 
force constant is greater for the third transition series than for the second or first transition 
series (for example, the primary stretching force constant for HfCL, > &Cl4 ; HfBr4 > ZrBr, z 

TiBrs ; Hfis > Zr14 ?: T& ; TaSe3- > NbSd3- > VSd3-; WSa2- > MO!&*-; TaSee3” > NbSe,” > 
VSe.,3-; WSea2-> MoSe4*-). Similar results were recently reported% for the octahedral 
hexahalogen molecules. This is consistent with observations that more stable complexes are 
found in the order of third transition series > second transition series > first transition 
series. The behavior previously reported for Group IIB compounds 39 is also observed in this 

work for the zinc family chlorides (e.g. HgCla2- > Cd&*- > ZnC14*‘). 
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 StretChhg force constant than that of the second or first transition series 
(the primary stretching force constant for W042- > Mo04*- > CrQ2’-; ReO, > TcO,- > 
MnO,; OsOs > RuO., ; RuO, > Fe04-; Ru04*- > FeOd2-; WOe4- > McOa4- > Cr044-; 
ReOe3- > Mn043-; HfOe4- > ZSO~~- > Ti044-). These trends may be due to the greater 
amount of r-bonding occurring for the third-row compared with the second-row or first-row 
transition metal compounds40*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’- > Se0a2- > Te04*3. 

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&e OVFF or UBFF). It is 

observed that the force constant (gas) > force constant (liquid) 2: force constant (solid) in 
the case of Ccl,, SiC14, Get&, and SnCL . For SiBr4, GeBr4, SnBr4 , and Gel, the force 
constant (gas) > force constant (liquid). For SiI4 the force constant (gas)> force constant 
(solid). For PbCI, the force constant (liquid) z force constant (solid). Sn14 appears to be the 
only compound that does not follow this trend. 
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TABLE 17 
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Force constants for transition-metal oxyanions (mdyne/A) 

Force 
field IVB VB VIB 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVEF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFP 

?-t0a4- vo4** 004 **(aqueoussoh) 

3.53.0.44,0.47 3.42,0.02,0.78 4.79,0.39,0.s1 
3.47, 0.13,OSO 3.55,0.0s. 0.71 4.86,0.19,0.47 
4.10, 3.45,0.42,0.07 4.52,0.64,036, -0.003 5.48.OA3,0.42,0.02 

.Zr04+ MOO,** 

5.29,0.90.0.15 4.77,0.06,0.72 
5.16. 0.32.0.22 4.87,0.05,0.67 
s.50,0.~3.0.52,0.09 5.94,0.55,0.35.0.02 

Hfo44- wo4** 

.X27,0.92,0.16 5.01,0.10,0.79 

5.01,0.29,0.27 5.03,0.04,0.79 
5.51, 0.15. 0.56,O.ll 6.42,0.58, 0.41, 0.04 

vo44- * CTO~~* (melt/ 

3.61,0.32,0.65 4.75.0.54,0.49 
3.53,0.06,0.63 4.80,0.20,0.46 
4.46, 0.61,0.42,0.05 5.40.0.41,0.44,0.03 

cra4*+ 

4.70, 0.27,0.43 
4.55,0.04,0.51 
SZ5,0.43,0.32,0-05 

0046* 

4.50,0.70,0.41 

4.50. 0.26.0.41 
5.02,0.37,0.51,0*06 

ikfc10$-* 

4.77,0.24,0.28 
4.67, 0.26, 0.33 

5.19.0.24,.0.49.0.08 

wo44-* 

5.87,0.93,0.11 
5.62.0.3f. 0.21 
6.03,0.11,0.53,0.10 

OVFF 
UBFF 
GVFF 
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VllB vlll 

iurluc;L 
5.41,0.83,0.30 
5.36.0.32.0.34 
5,8O,O.27,0.58,0.09 

_L 
,Fe04 

5.10,0.03,0.71 4.79.0.53.0.28 

5.25,0.06,0.62 4.78,0.19,0.29 

8.17.2.61,0.33.-O.002 5.17,0.24.0.36,O.O4 

no,- 

5.93,0.35.0.50 
6.11,0.19,0.41 
6.75.0.36,0.37,-0.004 

RUOf 

5-28.0.37.0.30 
5.36.0.15.0.27 
5.77,0.22,0.28,0.015 

ReOa- * [aqueous sofn.) 

6.43.0.30.0.62 
6.46.0.13.0.61 
7.53.0.4s. 0.43.o.od 

MtlO,** Fe04* * 

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,-O.O02 4.66.0.78.0.38,O.OO 

MirO43“ FeO4” ’ 

3.22,-O.Il,O.98 4.20, 0.38, 0.34 
3.33,-O_Ol,O.92 4.O6.0.09,0-42 
4.66,0.79,0.38,0-00 4.63.0.35.0.35,0.07 

ReO,*(soIidJ Fe0401 * 

6.96,0.76,0.3$ 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 

R&p RUO~qaa~iJ 

6.23,0.76.O.O4 4.41,0.36,0.45 
5.87,0.23,0.11 4.49.0.17.0.41 
6.14,0.01,0.40,0.09 5.14,0.34,Q.37,0.02 

Ruo~*#q.J 

6.24.0.58.0.29 
6.31.0.26.0.26 
6.71,0.21,0.39,0.02 

OS04 &=~l oJo,(Iiq..) 0~04 &okliJ 

7.39.0.60,0.36 7.27.0.56,0.38 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 lQ59,2.92.0.44,0.04 7.91,0.27,0.43,0.03 

coo,+ 

RuU4=' {aqueous soin. J RuO4* * (B@ s&J 

5.15,0.58,0.27 5.21,0.60,0.26 
5.19.0.25.0.25 5.26.0.27,0.23 
5.S8,0.20,0.38,0.02 S.63.0.19.0.38,0.02 

Ru04 ~s~~~J 

6.32,0.60.0.25 
6.38,0.26,0.22 
6.72.0.18.0.38.0.02 
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TABLE18 

Forceconstvrtsfortransition-metalthioandselenote~edralanions(mdyne/R) 

Force 
field VB VIB VIIB 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

VS4* 

2.03,0.21,0.26 
2.08,0.12,0.2? 
2.30,0.26,0.22,-0.02 

M&q' MoS41- 
2.07,0.14,0.28 2.72,0.25,0.34 
2.14,0.05,0.24 2.81,0.11,0.28 
2.45,0.23,0.16,-0.004 3.18,0.27,0.23,-0.005 

TUQ- Mq- ReSc 

2_15,0.19.0.31 2.98.0.23.0.39 3.28,0.31.0.37 
2.1'7,0.06,0.30 3.01,0.07,0.35 3.32,0.11,0.35 
2.64,0.25,0.20,0.009 3.56,0.29,0.24,0.01 3.87,0.29,0.28,0.01 

VSe4” 

1.X5,0.23,0.20 
1.75.0.11,0.16 
i.86,0.21,0.18,-0.03 

iVbSea* MoSe,” 

2.02,0.14,0.18 2.32,0.26,0.19 
2.06,0.07.0.13 2.38,0.13,0.14 
2.18,0.16,0.12,-0.02 2.~1,0.17,0.18,-0.02 

TO&$- 

2.07,0.16,0.22 
2.14,0.07,0.17 
2.34,0.18.0.15,-0.008 

WSe" 

2.60.0.14.0.29 
2.69.0.06.0.23 
2.96.0.24,0.1S.-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 

on a comparative basis_ 
The use of the primary stretching force constant as a measure of bond strength has been 

suggested Ki137. 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 -“-type mole- 
cules Or a&ons, 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 . 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

OVFF 
iJEtF”F 
GVFF 

OWF 
UBFF 
GVFF 

OVFF 
UBFF 
GVFF 

W4i- 
2.11,0.59,0.90 
2.08,0.16,0.92 
Diverges 

Ai(OHJ~- 

2.52. 0.29. 0.32 
2.58,0.16,0.28 
2.84, 0.32,0.28, -0.02 

ZflpH]; 

2.30.0.32, -0.02 
2.28,0.76, -0.02 
2.28, -0.02, 0.31,0.006 

XeOq (solid/ XeO4 ImJ 

6.18,0.88, -0.16 6.34,0.84, -0.16 
6.00,0.31,-0.08 6.13,0.30-0.07 
5.93,-0.13,0.34,0.05 6.09, -0.14,0.35,0.06 

CrF, 

-0.07,0.09, 1.05 
-0.05,0.04,1.05 
2.38,0.61,0.15,-0.14 

A&- 

1.89, 0.29, 0.23 
1.89,0.11.0.24 
213,0.23,0.28,0.05 

Sb&* 

1.86. 0.24.0.17 
1.86,0.10, 0.17 
279,0.84,0.20,0.03 

and. the atomic number of the central atom is increased in mahfamily 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 M&“-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. 

For > 90% of the molecules studied v3 > vl. The largest number of examples which 
showed ZJ~ > z.+ appeared for the transition-metal oxyanions. In most of the cases where 
v3 > v1 then v4 > v2. Only a few examples exist where ~2 > v4, and these occur for the 
tmnsition-metal oxyanions. It is apparent that f+ is a better measure of K orfr than is wg 
This has recently also been recognized by Gonzalez-Vilchez and Griffit.h33 for the transi- 
tion-metal oxyanions. 

(iv] Poremiol energy distribution {PED) 

The calculated PED for the OVFF and the UBFF indicates #at z+ 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, vl becomes 
predominantly due to the repulsion force constant. The degree of repulsion also increases 
from F-t I-. 

The v2 vibration is predominantly due to the repulsion force constant for all of the tetra- 
halides, decreasing as the mass of the halogen increases. 

The vj vibration is predominantly due to the stretching force constant K, although a slight 

mixture ofF and H are present. The latter become insignificant as the mass of the halogen 
increases. 

The ZJ,+ vibration is predominantly due to the repulsion force constant with a mixture of 

K and H, with N becoming more important as the mass of the halogen increases. 

(b j The oxy-, Theo- and seleno-anions 

For these anions the vibrations appear to be purer than those found for the tetrahalides. 
The modes ZJ~ and p3 are mainly stretch, and Ye and v4 are a mixture of repulsion and bend, 

with the bending force constant becoming more important as the mass of the ligand increases. 

fc) The hydroxides - &i(0ffj4” 
Some question concerning the validity of the symmetry involving these anions has been 

raised4*. All modes seem to show a predominant dependence on the repulsion constants 
with the exception of ug , which is a mixture of K, F and H with K predominating. 
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