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INTRODUCTION

In recent years the study of compounds containing bridging
halogen atoms has been enlarged tremendously. Halogen bridging
is a common structural feature in a number of heavy metal
halides and their related compounds. Little is known, however,
about the vibrational frequencies of the bonds present in such
compounds. There is a significant lack of 1nforﬁation concern-
ing vibrational analyses of halogen-bridged systems, and
especially concerning comparisons of bond stretching force
constants of terminal mefal;halogen bonds with those asso-
clated with bridged metal-halogen bonds.

A series of compounds which can provide valuable informa-
tion on the nature of metal-halogen bonding contains thé
pentahalides of the 4d and 54 transition metals of Groups VB,
VIB and VIIB. Since most of these pentahalides possess strong
light absorbing characteristics, Raman light scattering
studies prove to be difficult. The abundance of absorption
bands in their far infrared spectra in the metal-halogen funda-
mental reglion of SOO-bO'cm.'l. however, provides ample informa-
tion regarding their molecular structure.

A prime object of this work was, through a detailed study
of the infrared vibrational spectra of these compounds, to
elucidate the nature of the terminal metal-halogen and bridged
metal-halogen bonds as a function of both the heavy central

metal atom and the corresponding halogen.



Review of Previous Work

Synthesis and stabllity of pentahalides

A number of methods descrlibing the preparation of the
anhydrous chlorides, bromides and iodides of niobium(V) and
tantalum(V) are presented in a review by Gutmann (1). The
simpler methods generally involve direct combination of the
elements in an appropriate temperature gradient. Compounds
of reasonable purity are obtalned in satisfactory ylelds using
this procedure., In certailn instances, vacuum resublimation
will augment the quality of the product.

With the exception of the pentafluoride, the only other
knqwn pentahalide of molybdenum existing in a condensed
phase, 1s the pentachloride. This compound is prepared by
several methods (2,3), most of which involve direct chlori-
nation of the metal at moderately high temperatures of 300~
400°c.

The preparation of the chlorides and bromides of tungsten
(V) is complicated by the fact that upon direct chlorination
or bromination of the metal at high temperatures, the result-
ing pentahalide is not produced in pure form. Dgpending upon
the temperature, varying amounts of hexahalide are also formed
(1). The pentachloride of tungsten is usually prepared by
elther hydrogen (4,5) or phosphorus (6) reduction of the hexa-
chloride at elevated temperatures. Disproportionation of the

tetrachloride of tungsten at moderate temperatures will produce
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high quality crystalline wc15.1 Tungsten(V) bromide is pre-
pared (7) in satisfactory yields by sublimation, under a
dynamic vacuum at temperatures of ca. 250-300°C.. of the
mixture of WBrg and WBrg, which 1is §bta1ned from simple bromi-
nation of tungsten metal at elevated temperatures, This
process involves decomposition of the WBrg to produce WBrg
and Bry.

A number of methods (8-~10) are described for the prepara-~
tion of anhydrous rhenium{V) chloride, Most of these involve
chlorination 6f very pure rhenium metal at temperatures of the
order of 700°C. The product can be further purified by sub-
limation in a chlorine atmosphere. Rhenium(V) bromide is
produced by direct bromination of the pure metal at a temper-
ature of 650°C. (11).

The chlorides, bromides and iodides of pentavalent niobium
differ only slightly in their physical properties from the
corresponding pentahalides of tantalum. Yellow niobium(V)
chloride is siightly less volatile than white tantalum penta-
chloride (12). Both can be vacuum sublimed without decomposi-
tion. The physical properties of the pentahalides of niobium
and tantalum are described in detail elsewhere (1). It is
sufficient fo say that the orange to red pentabromides can be

sublimed in vacuo with little or no decomposition (12). The

1Hogue. R. D., Ames, Iowa, On the preparatlion of some
lower tungsten halides. Private communication. 1968,



black tantalum pentaiodide can be vacuum sublimed, while the
brass-colored niobium(V) iodide undergoes extensive decomposi-
tion with vaporization, and can only be sublimed in the
presence of sufficient lodine pressures to suppress dissocla-
tion (13). Stability with respect to dissociation decreases
in the order Cl1l > Br > I.

Molybdenum(v) chloride exists as a black, light sensitive
s0lid at room temperature which can be vacuum sublimed with
slight decomposition (2). Dark green WClg and WBrg both sub-
lime in 12222; accompanied by slight traces of disproportiona=-
tion products. The thermodynamic properties of tungsten(V)
chloride and bromide have been recorded in detail elsewhere
(14,15,16).

Rhenium(V) chloride undergoes moderate decomposition and
dispropprtionatlon at temperatures of the order of 150-250°c.,
and should be sublimed in the presence of a chlorine atmos=-
phere (10). The pentabromide of rhenium is an extremely un-
stable green solid melting slightly above room temperature
(11). At temperatures much higher than ca. 40°C., or in the
presence of organic liquids, extensive decomposition of ReBr5
occurs with evolution of bromine,

Structure and bonding in pentahalides

In the vapor state, the pentachlorides of niobium and
tantalum have been shown to exist as monomers., In the case of

NbCls. this was demonstrated by the classical work of Balke and
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Smith (17). Schafer and Sibbing have confirmed the monomeric
nature of TaCl5 in the gas phase by means of statlic vapor den-
sity measurements (18). Electron diffraction studies (19,20)
have indicated that the pentachlorides and pentabromides of
niobium and tantalum exist as approximate trigonal bipyramidal
monomers in the vapor state. Gaseous molybdenum(V) chloride
has also been shown to exist in the form of a trigonal bipyra-
midal monomer (21,22). In the case of tungsten pentachloride,
there is a report (15) indicating that a dimeric W2011ohspecies
may exlst in appreclable concentrations in the vapor state,
Schafer and Rinke, however, have not confirmed this through
mass spectral studies (23), which indicate the presence of
predominantly monomeric WClg units in the vapor.

In the condensed phase, a structural determination through
single crystal X-ray diffraction techniques has demonstrated
that NbCls and TaClg each contaln discrete dimeric units (24).
The structure consists of MpX)g dimers with the chlorine atoms
forming two octahedra which share a common edge. The metal
atoms, which share two bridging chlorine atoms, are distorted
slightly away from the centers of the octahedra. In the
dimeric molecule, which has Dpj, point symmetry, there are
three non-equivalent metal-chlorine distances. The structure
1s illustrated in Fig. 1.

Molybdenum(V) chloride has also been shown to exhibit

such a structure in the solid state (25). In the case of the



Fig. 1. The NbyCljgp structure



solids, WClg and WBrg, Colton and Tomkins, on the basis of
magnetic evidence, had postulated the existence of trinuclear
metal clusters (26). According to their description, the
tungsten(V) halides are better formulated as [w3x12]3*x§.
Boorman et al. (27), however, have demonstrated through single
crystal X~ray diffraction that WClg possessed a bridged di-
meric structure similar to NbCl5. Tungsten(V) chloride is, in
fact, isostructural with molybdenum(V) chloride and has unit
cell dimensions within 1% of those for MoClg.

Uranium(V) chloride, though not isostructural with Nb015
has been shown to céntain discrete UsClyg dimeric units in the
solid state (28)., To date, the latest example of a dimeric
halogen-bridged pentahalide is solid rhenium(V) chloride (29).
In this case, ReClg is nelther 1sostructural with NbClg nor
UCls. These three compounds differ in the packing of the Cl
atoms and represent three crystallographically distinct ways
of forming MaCljp dimers in the solid state.

The magnetic susceptibilities of some dimeric metal penta-
halides have been measured. The pentahalides of nioblium and
tantalum are dlamagnetic, as would be expected for a d° Systeh.
For MoClg, Weps, = 1.51 B.M. at 293%. (30). For WCls. hepe.
= 1.07 B.M. at 300%K., and WBrs k,er = 1.05 B.M. at 300°K.
(31). These data would seem to suggest little if any metal-
metal interaction in the pentahalides of molybdenum and

tungsten. Brown and Colton (9) have determined the magnetic



susceptibility of rhenium pentachloride, for which Berf, =
2.57 B.M. at 300°K. Hefe again, there appears to be no strong
metal-metal interaction. Due to its extreme instability,
magnetic data is not yet available for rhenium(V) bromide
(11). A summary of the structural and magnetic parameters
avallable for some heavy transition metal pentahalides is
contained in Table 1.

Relatively little work hés been done to elucidate the
nature of the metal pentahalides in solution. Kepert and
Nyholm (32) have shown that NbClg exists as a dimeric non-
electrolyte in concentrated solutions of dry, oxygen free,
carbon tetrachloride and nitromethane. Werder et al. (33)
hame'demonstrated. by means of infrared studies, that NbC15
exists predominantly in the dimeric MzXjp form in cyclohexane.
In relatively nonpolar solvents the dimeric species is expect-
ed to be the more stable form. Iﬁ unidentate coordinating
solvents, adducts of the type MX5'L or MX;+L, are usually
formed (1,5,34). There is a report (35), based on spectral
data, which indicates that MoCl5 is monomeric in cyclohexane.
The evidence presented, however, is far from conclusive.

Reddoch (36) has studied the nuclear quadrupole resonance
spectra of NbClg and TaCls. A single 35c1 resonance was found
for both compounds, indicating one type of Cl atom in the
solids. This finding is indeed puzzling and indicates a

definite need for further study.



Table 1. Structural and magnetic data of some heavy metal pentahalides

Y aA(M-Xu) P d(M-M)C L
Compound Phase n ﬁt) ° o eff. Ref.
A R A B.M.
NbClg gas 2,29 + .03 19
solid 2.250 ¥ .006 2.555 + .006 3,951 + .002 diamag. 21
2.302 ¥ .005
NbBr g gas 2,46 ¥ .03 19,20
TaCl5 gas . 2.30 + .02 19
MoCljg gas 2.27 + .02 B 21,22
solid 2.24 ¥ .01  2.53 + .01  3.84 + .02 1.514 10,25
2.25 % .01
WClg solid 1.07° 31
WBr solid 1.05¢ 31
ReClg solid 2.24 + .01 2,47 + .01 3.739 + .002 2.57¢ 9,29
2.27 i .01
UClg solid 2.43 * .01 2,70 + .01 4,165 + .003 28
2.44 + .01

8Terminal metal-halogen distance.
bBridged metal-halogen distance,
CMetal-metal distance.

dMeasured at 293°K.

€Measured at 300°K.
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Vibration spectra of pentahalides

In the past there has been considerable confusion con-
cerning the interpretation of the vibrational spectra of the
heavier.transition metal pentahalides of Groups VB and VIB
Gaunt and Ainscough (37) were the first to study in detail the
vibrational spectrum of NbClg in both the solid state and in
CS, solution. They interpreted their results on the basis of
a trigonal bipyramidal monomer having D35 symmetry. Carlson
(38), in the light of X-ray and ultraviolet spectral data (24,
39), did later acknowledge the difficulties of such a model in
his interpretation of the Raman and infrared spectra of Nb015
and TaClg in both the solid form, and in CSp or CCl, solutions,
Nevertheless, he proceeded to assign the spectra on the basis
of a D3h monomer. This was due, in part, to the wrong cholce
of symmetry for the MyXjo dimer, viz. Cp, rather than D,,, and
low quality spectra. Bader and Huang (35). through vibrational
spectral studies of cyclohexane and CCly solutlions of the
pentachlorides of Nb, Ta, Mo and W, concluded that these com-
pounds exist as monomers in solution. In the past, detailed
vibrational analyses have even been carried out on the vibra-
tional solution spectra of NbCls and TaCl5. using a monomeric
model with D3 symmetry (40,41).

Recently Walton and Brisdon (42), through a careful exam-
ination of the far infrared spectra of NbClS. NbBrS. TaC15.

TaBrg and WCI5 in the metal-halogen stretching region of
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500-200 cm.'l, conceded the possibility of these compounds
existing as discrete MpXjo dimers in the solid state. Werder
et al. (33) have examined the single crystal laser Raman and
infrared spectrum of NbClg in solid, matrix and solution form.
Although thelr vibrational spectra and frequency assignments
were questionable, there was indeed strong evidence to indi-
cate that NbC15 does exist as a dimer in both the solid state
and in saturated cyclohexane and CCl;, solutions.

Because of these Gery apparent uncertainties as to the
interpretation of the vibrational spectra of the existing
crystalline pentachlorides, bromides and iodides of Nb, Ta,
Mo, W and Re, this detailed study of thelr infrared spectra
was undertaken., It was also hoped to reveal any correlation
between vibrational force constants and the nature of the

metal~-halogen bonds present in these unusual compounds.
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EXPERIMENTAL
Materials

In this work, all of the metal pentahalides were suscep=-
tible to air oxidation and hydrolysis, and were contained in
evacuated vessels or inert atmospheres during preparation and
experimentation. Also these compounds were stored and handled
in a dry-box under an argon atmosphere. The dry-box was main-
tained at a dew point of ca. -60°c. by circulating a constant
flow of dry argon throughout the box. All reactions and
preparations were carried out in elther evacuated Pyrex or
Vycor vessels, after the neéessary preliminary procedures had
been executed in the dry-box and on the vacuum manifold.
Metals |

The metals used in the syntheses of the respective penta-
halides wefé’;n the form of either high purity powders or
granules. The niobium'metél used in this work was supplied by
E. I. duPont de Nemours and Co. in the form of high purity |
granules, Tantalum powder obtained from the Fansteel Metal-
lurgical Corporation, Metal Products Division, was used in the
preparation of all tantalum(V) halides. Tungsten metal was
obtained in the form of 200 mesh powder from the Lamp Metals
and Components Department of the General Electric Company.
Molybdenum metal, in the form of granules, was suppllied by the
Climax Molybdenum Company. High grade rhenium powder was

obtained from the Cleveland Refractory Metals Company, Rhenium
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Division. Prilor to the preparation of the corresponding
pentahalides of tungsten and rhenium, the respective metals
were further purified by hydrogen reduction at elevated tem-
peratures.
Halogens

Chlorine was obtained from lecture bottles and used with-
out further purification. The bromine used . in these experi-
ments was reagent grade and subsequently purified by refluxing
over phosphorus(V) oxide, distilling through outgassed Linde
3A Molecular Sleves, and storing over anhydrous tantalum(V)
bromide in vacuo. Reagent grade iodine was further purified
by grinding the solid with potassium iodide and twice resub-
liming.

Organic solvents

Cyclohexane was obtained in spectroquality grade from the
Matheson, Coleman and Bell Company, refluxed in vacuo over
phosphorus(V) oxide and subsequently stored over metallic

1

sodium. f
Synthesis of Metal Pentghalides

In most cases, the pentahalides of niobium, tantalum,
molybdenﬁm. tungsten and rhenium were'generally prepared by
a direct combination of the elements in an appropriate tem-
perature gradient.

Group VB pentahalides

The chloride, bromide and 1odide of niobium(V) were
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prepared and made available by Peter B. Fleming (h3). The
corresponding halides of tantalum(V) were provided by Peter A.
Kiltyl. Essentially, the pentachlorides of niobium and tanta=-
lum were prepared in high yleld by passing gaseous chlorine
over the metal which was maintained at temperatures of 400-
¥50°C. Similarly, in the cases of NbBrg and TaBrs, gaseous
bromine at a pressure of ca. 200 mm. was passed over the metal,
which was maintained at temperatures of 400-450°C., to produce
the corresponding pentabromide. The pentalodides of niobium
and tantalum were prepared by a direct reaction of the elements
in a sealed tube in an lodine/metal temperature gradient of
180°c. /450°C.

Group VIB pentahalides

Crystalline molybdenum(V) chloride was made available by
John L. Meyerz. In this case, gaseous chlorine was passed
over molybdenum powder, which was maintained at a temperature
of ca. 450°C. to produce the resultant black MoCls.

The chlorides and bromides of tungsten(V) were prepared,
analyzed and made avallable by Ronald D. Hogue (44). The
pentachloride of tungsten was prepared by the disproportiona-

tion of the tetrachloride at temperatures of 450-500°C.

lKilty. P, A., Ames, Iowa., On the preparation of some
tantalum halides. Private communication. 1966.

2Meyer, Je. L., Ames, Iowa. On the preparation of some
mixed molybdenum-tantalum cluster species, Private communi-
cation. 1968.
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Gaseous bromine at a pressure of 200 mm. was passed over
tungsten metal powder, held at a temperature of 500°C,, to
produce a mixture of WBrg and WBrg. This mixture then was
sublimed under a dynamic vacuum at temperatures of ca. 250-
300°C. to afford high quality crystalline WBrs.

Group VIIB pentahalldes

Rhenium(V) chloride was prepared in moderate yields by
passing gaseous chlorine at a pressure of one atmosphere over
freshly hydrogeﬁ-reduced rhenium powder, which was held at a
temperature of 600°C. The subsequent reaction product was
resublimed in a chlorine atmosphere to yleld a black crystal-
line product. A spectrophotometric rhenium analysis (45) of
this final proéuct indicated it to be high quality ReCl5.
Attempts to prepare the pentabromide of rhenium in reasonable
Yields were unsuccessful, For a period of ca. one month,
gaseous bromine at a pressure of 200 mm. was passed over rhe-
nium powder which was maintained at 750°C. During that time,

only slight traces of what appeared to be ReBr5 were produced.

Infrared Spectra

Spectrophotometer

In this work, the infrared absorption spectra of the
various metal pentahalides were recorded over the range 800~
42,5 cm.'l. Spectral measurements were carried out on a ‘
double-beam Beckman IR-1ll recording Spectrophotometer._ The

instrument utilized four gratings and eight transmission
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filters over the entire range of operation. Throughout most
of the range, the spectral resolution was 0.5—1.cm‘l. Over
the entire range, the Wavenumber repeatability was 0.5 cm.”1
and £ T repeatability was 1% plus noise level., The wavenumber
accuracy was + 1 cm.~1 throughout the entire range. In all
cases during absorption measurements, the sample compartment

of the spectrophotometer was continually purged with dry ailr

and all measurements were recorded with dry air in the refer-

ence bean,

Room temperature spectra

At room temperature, infrared absorption measurements
were carried out on samples prepared in the form of nujol
mulls pressed between two thin polyethylene sheets. The
anhydrous compounds were first ground to ca. 200 mesh and then
thoroughly mixed with nujol to produce a homogenized mull.,
The resultant mixture was then pressed between two thin poly-
ethylene sheets and placed in a specially designed tightly
Sealed sample cell., All operations were executed in an inert
atmosphere, where sample preparations were effected immediately
prior to infrared spectral measurements., Mulls were found to

be air stable over a period of several hours in the cell,

Low temperature spectra

Low temperature Ainfrared absorption measurements in the
spectral region of 800-200 cm."1 were carried out on samples

using a cryostated matrix isolation cell which had been con-
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structed according to a modified design of some ordinary low
temperature cells (46,47). Samples of metal pentahalides were
vapor deposited through a brimary inlet onto an inner CsI cold
window which was cooled by a liquid nitrogen reservoir. The
inner CslI window temperature was measured by a copper-constan-
tan thermocouple, Indium gaskets were used to provide the
necessary thermal contact between the Csl cold window and the
copper block housing. The outer cell windows were constructed
of polished cesium iodide. A secondary inlet permitted simul-
taneous deposition of a matrix gas. At deposition temperatures
of 85-90°K., cyclohexane proved to be a desirable matrix
material because of its high transmittance in the far infrared.
In certain cases, it was found that only a slight émount of
cyclohexane codeposited with the sample pentahalide was suffi-
'cient to greatly improve the spectral resolution in the metal-
halogen stretching region of the infrared,

Solution spectra

Infrared absorption-studies were carried out on solutions
contalned in polyethylene molded cells of 1-2 mm., pathlength.
These cells were purchased from the Barnes Engineering Company,
Instrument Division, Stanford, Connecticut. Preparations and
manipulations of the alr sensitive solutions were performed in

a speclally designed solvent dry-box.
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RESULTS AND DISCUSSION
Infrared Spectra of Metal Pentahalides

' The far infrared absorption spectra of some Group VB, VIB
and VIIB transition metal pentahalides are depicted in Figs.
2, 3, 4 and 5. The corresponding band maxima are reported in
Tables 2, 3, 4 and 5.

Niobium(V) halides

The infrared absorption specﬁra of the chloride, bromide
and 1odide of niobium(V) are illustrated in Fig. 2. In the
case of niobium(V) chloride, in order to increase the spectral
resolution in the terminal Nb-Cl stretching region, NboClyp was
vapor deposited onto a cold (90°K.) CsI window simultaneously
with a known quantity of cyclohexane, thus forming a matrix.
The matrix/active species ratio (M/A) was ca. 0.5. The absorp-
tion spectrum of this highly concentrated NbpCljo matrix is
also represented in Fig. 2. Matrix dilution studies indicated
the presence of only the dimeric form of niobium(V) chloride
in the concentrated matrix. Werder et al. (33) have observed
simllar results in their studles of NbpClyp in cyclohexane
matrices and in cyclohexane and carbon tetrachloride solutions.
Nujol mulls of niobium(V) chloride at room temperature were
used to obtain the lower energy portion of the far infrared
" absorption spectrum of niobium(V) chloride.

Niobium(V) bromide and iodide were prepared in the form

of nujol mulls and their absorption spectra in the far infrared
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Fig. 2. Fa).r infrared spectra of dimeric NbXgs (X = Cl1, Br,
I
Solid lines represent nujol mulls. The dashed line
corresponds to a conc. cyclohexane matrix (M/A =

0.5).



region was measured at room temperature,

The results are

shown in Fig. 2. The absorption band maxima of the niobium(V)

halides are contained in Table 2.

Table 2., Far infrared absorption spectra of the niobium(V)

halides
NbsClyg NbsBrig NbsIjq
(cm,~1)a (cm.~1)P (cm.”1)8 (cm,~1)8
423(vs) 299(vs) 233(ms)
412(vs) 283(vs) 213(s)
400(vs,br) 400(vs) 263(vs) 195(s)
357(ms) 365(s) 219(ms) 184(ms)
251(ms) 251(ms) 159(ms) 153(m)
223(mw) 225(mw) 145(mw) 124(m)
197 (mw) 127(mw) 113(m)
171(m) 112(mw) 104(mw)
154(m) 105(mw) 97(m)
142(m) 96 (mw) 82(m)
116(m) 77 (mw) 71(mw)
73(mw) 63(mw) 54(m)

aNujol mulls, Relative intensities are: s = strong,
m = medium, v = very, w = weak, br = broad.

beyclohexane matrix at 90°K., and M/A = 0.5.

In the infrared spectra of NbzXjg (X = C1l, Br, I), twelve
bands have been observed. The spectra of the niobium(V)
halides were quite similar, taking into account the apparent
frequency shifts with the corresponding change in halogen atom.
In each case, four strong bands designated as J/(Nb=Xp) oc-
curred in the terminal niobium-halogen stretching region. Two
medium-strong bands, symbolized as J/(Nb-Xg), occurred in what

may be called the bridged niobium-halogen stretching region of
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the infrared. Six absorption bands, designated as § (Nb-X),
were observed in the niobium-halogen bending region. The
infrared absorption spectrum of niobium(V) iodide was found to
be qualitatively different from the corresponding spectralbf
NbzCljp and NbyBrjg with regard to the intensities of certaln
bands. It is believed that these effects are principally
caused by the increased interaction of the various vibrational
modes of NbaIjg.

Tantalum(V)’ﬁéii&és

In Fig. 3 are exhibited the infrared absorption spectra
of the chloride, bromide and iodide of tantalum(V). In order
to improve resolution in the J/(Ta-Cly) spectral region, the
far infrared absorption spectrum of a concentrated matrix of
TapClig 1n cyclohexane (M/A S 0.5) was measured at ca. 90°K.
Matrix dilution studies over an extended range indicated the
presence of only dimeric Ta20110 units in the concentrated
matrix, In suéh a highly concentrated matrix, it was expected
that the dimeric form of tantalum(V) chloride would be the pre-
dominant specles. The matrix spectrum of TasCljp is also
represented in Fig. 3. The remaining low energy portions of
the infrared spectrum of tantalum pentachloride were obtained
from measurements on nujol mulls at room temperature,

Tantalum(V) bromide and iodide were prepared in the form
of nujol mulls and their far infrared absorption spectra are

also illustrated in Fig. 3. The corresponding absorption band
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maxima of the compounds TazXjp (X = Cl, Br, I) are reported in

Table 3 .

Table 3. Far infrared absorption spectra of the tantalum(V)

halides
TazC139 TazBryo Tazllo
(cm,~1)a (cm ‘l)b (cm.‘l)a (cm.'l)a
411(m) 261(s,sh) 197(s)
402(vs) 251(s) 186(s,sh)
380(vs,br) 385(vs) 244(s,s8h) 176(s)
368(s) 364(s) 217(ms) 155(s)
252(m) 251(m) 162(ms) 116(m)
226(m) 225(m) 147(m) 107(m)
200(mw) 127(w) 95(mw)
164(ms) 112(m) 83(m)
148(ms) 102(ms) 77(m)
138(ms) 96(m) 73(m)
119(m) 79(m) 61(w)
71(mw) 63(w) 45(w)

8Nujol mulls.

Relative intensities are:

s = strong,

m = medium, v = very, w = weak, br = broad, sh = shoulder.

bCyclohexane matrix at 90°K., and M/A = 0.5.

The infrared absorption spectra of the tantalum(V)

halides were quite similar to those obtained for the corres-

ponding niobium(V) halides, both in the number of bands

(twelve) and their relative intensities.

In the UV (Ta-Xp)

region of the spectra of TazX;g (X = C1, Br, I), the band

positions were lower in energy than those of the respective

niobium(V) halides.

This was due, for the most part, to the

larger mass of the tantalum atom as compared to that of nio-

bium. The magnitude of the shift to lower frequendies in the
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case of the tantalum pentahalides was, however, not entirely
due to a mass effect but also reflected a change in the metal-
halogen bond force constant.

Tungsten(V) halides

The pentahalides of tungsten, WzX;o (X = Cl, Br), were
orepared in the form of nujol mulls and their absorption spec-
tra in the tungsten-halogen fundamental region of the infrared
are lllustrated in Fig. 4. The infrared spectra of the tung-
sten(V) halides were strikingly similar to ﬁhe corresponding
spectra of the nioblum(V) and tantalum(V) halides. The only
major difference occurred in the bridged tungsten-halogen
stretching region, where it was observed that the intensitiles
of the two band maxima were the reverse of those observed for
the respective niobium and tantalum pentahalides.,

In the spectrum of WaBrjg, there was a high frequency

band at 329 em, 1

of relatively weak intensity. This band
occurred at an extremely high frequency to be a tungsten- '
bromine stretching fundamental and was therefore considered
to be elther a combination or an overtone band, possibly actil-
vated by Fermi resonance (48). In both spectra of the tung-
sten(V) halides, there were observed twelve fundamentals in
all: 4V (W-Xp), 2V (W-Xp) and 66 (W=X). Absorption band
maxima for the tungsten pentahalides studied in this work

are listed in Table 4.
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Table 4, Far infrared absorption spectra of the tungsten(V)

halides , :
(cm.~1)a (cm,~1)@
329(w)
398(=s) ' 260(s)
379(vs) 253(s,sh)
365(vs,sh) 244 (s)
334(s) 212(s)
283(mw) 1?79(m,sh)
247(s) | 158(s)
203(w) 129(w)
166(s) 114(ms)
148(s) 103(ms)
141(s) 95(ms)
121(m) 73(w)
72(w) 63(w)

8Nujol mulls. Relative intensities are: s = strong,
m = medium, v = very, w = weak, sh = shoulder.

Molxbdenumgvz and rheniumgvz chlorides

In Fig. 5 are exhibited the infrared absorption spectra
of molybdenum(V) chloride and rhenium(V) chloride in the meta}-
halogen fundamental region. Because of problems involving
Sample synthesis, it was not possible to obtain the correspond-
ing infrared spectrum of rhenium(V) bromide. ‘

Molybdenum(V) chloride was foﬁnd to react with nujol. The
MozCljo compound, therefore, was ground to a fine (325 mesh)
particle size and the infrared absorption spectrum of the dry
powder was subsequently determined. The far infrared spectrum
of MopClyjg closely resembled that of Wz2Cljg, especially with
Telation to the relative intensities of the two bands in the
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bridged molybdenum-chlorine stretching region.

The infrared absorption spectrum of rhenium(V) chloride
had been determined from both nujol mulls and cyclohexane
solutions of Re2Cljp. Because of the slight solubility of
RepClyg in cyclohexane, 1t was poséible only to determine
accurately the positions of the very intense terminal rhenium-
chlorine stretching fundamentals from measurements on solution
spectra. Similar band maxima were observed in the terminal
Re-Cl stretching region of the nujol mull spectra of solid
rhenium(v) chloride thus indicating the stability of dimeric
RepCljp units in cyclohexane solution. The less 1nfense bands
in the lower frequency spectral region of Rezcllo were re-
solved entirely from nujol mulls, It was noted that the infra-
red absorvtion spectrum of rhenium(V) chloride was similar, in
all major respects, to the corresponding spectrum of molybde-
num(V) chloride. Absorption band maxima for both MozClj, and
RepCljp are reported in Table 5.

Molecular symmetry

The far infrared absorpvtion spectra of all of the transi-
tion metal pentahalides studied in this investigation possessed
certain dominant characteristics indicative of the molecular
symmetry of the metal pentahalides., It was first noted that
the infrared absorption spectra of all of these transition
metal pentahalides are unusually similar, thus indicating one

type of molecular structure. Secondly, in each spectrum there
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Table 5. Far infrared absorptlon spectra of MopCljo and

(cm,~1)8 (cm,~1)b ' (cm.'l)F
412(ms) 4ob(s) 405(s)
391(s) 393(s,sh) 388(s)
380(s) - 369(ms) 371(ms)
347(s) 350(ms) 347(ms)
276(ms,sh) 276(m)
238(ms) 255(ms)
214(m,sh) 216(m,sh)
172(m) 168(m)
159(m) : 157 (mw)
143(m) 148 (mw)
117(mw) 118 (mw)

75(w) 83(w)

&powdered (325 mesh) form. Relative intensities are:
s = strong, m = medium, w = weak, sh = shoulder,

bNujol mull,

CSaturated cyclohexane solution (P.L. = 2 mm.).

were observed twelve metal-halogen fundamentals. Such a large
number of fundamentals eliminated the possibllity of a D3h
trigonal-bipyramidal Mx5 monomeric structure, which can
exhibit only five infrared active metal-halogen fundamentals
(49). A tetragonal pyramidal MXs monomeric molecule having
Cyy symmetry will exhibit only six metal-halogen fundamentals
active in the infrared (50) and was likewise eliminated on
that basis.,

Vibrational band activation due to crystal site symmetry

effects was considered negligible. In the solid state, both
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molybdenum(V) chloride and rhenium(V) chloride each contain
discrete dimeric MpCljp units having approximate D,, molecular
symmetry. The solid state structure of molybdenum(V) chloride,
however, is considerably different from that of rhenium(V)
chloride. The packing mode of the Cl atoms in molybdenum(V)
chloride is hexagonal closest packed (25) while that in.
rhenium(V) chloride 1s double hexagonal closest packed (29),
As 1s indicated in Fig. 5, however, the infrared absorption
spectrum of Mo2Cljp strongly resembled that of RepClyp, partic-
ularly with regard to the relative band intensities. This
high degree of spectral correlation of MoaCljg with RepCljg
would seem.to indicate that the primary features of the infra-
red absorption spectra of the transition metal pentahalides
studied are relatively independent of crystal symmetry effects.
The coupling of internal vibrational modes with external crys-
tal modes may cause small but measurable'frequency shifts from
those expected for the internal vibrations., This coupling,
however, will be most prevalent at the lower frequencies (ca.
100 cm’l) which are characteristic of lattice modes. Since in
most cases, the majority of the absorption bands of the transi-
tion metal pentahalides studied occurred at frequencies higher
than ca. 100 cm.'l. this type of coupling was considered minor.
The only molecular model which could best represent the
infrared data of all of the transition metal pentahalides

studied and remain consistent with the previous structural
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(24,25,29) and magnetic (9,30,31) data was a dimeric MzXjqo
molecule having Dy symmetry. According to such a model,
thirteen infrared active vibrational modes are predicted:

4 terminal M-X stretches, 2 bridged M-X stretches and 7 M-X
bends, In the far infrared spectra of all of the transition
metal pentahalides studied, the corresponding vibrations were
observed, wlth the exception of a low frequency bending mode
which was believed to lie beyond the range of the spectro-

photometer.
Analysis of Vibrations

Obseried infrared absorption spectra may be interpreted,
through mathematical analyses, in terms of internal structural
parameters and bond force constants relating the interactions
between bonded and nonbonded palrs of atoms, Since bond force
constants qualitatively reflect the strengths of such bonds,
one of the prime interests of this study was the evaluation of
such force constants in the dimeric M2Xjo transition metal
pentahalides.

Classical treatment of vibrations

In general, vibrational tranéitions in a molecule are
described most simply by classical mechanics, which ylelds a
solution to the problem of small vibrations which is easier
to visualize than the quantum mechanical solution.

The kinetic energy, T, of a molecule having N vibrating
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atoms 1s given by the expression

N
2t = 3 mg [ (alhxg)/a6)% + (aldyg)/an)? +

a=1 (1)
(d(Aza)/dt)z]

where my is the mass of atom a, When the coordinates Ax;,

Axpm~=w-lzy are replaced by mass welghted cartesian displace-

ment coordinates, Q1===Qq3N> defined as q; = m%axl. qr = m%ayl

-==q3N = m%AZN. the resultant kinetic energy is expressed as

3N

21 = 3 a4 (2)
i=1

where the dot refers to a time derivative,
Since small amplitudes of vibration are assumed, the
vibrational potential energy, V, may be expanded in terms of

a Taylor series in powers of the displacement coordinates q4.

V=V, 4+ (3V/3qq)ay + 2 2 (3%V/3q,3q,)a504 +
21 1)093 &5 f 192403593
W 3N 3N (3)
1/3 ! 21 21 kEl (33v/2q49q 530y ) a3 30k *+ ---

where the subscript o indicates the evaluation of the deriva-
tives at the equilibrium position. By convention, the poten-
tlal energy in the equilibrium position, V,, is equated to

zero., Also, since the equilibrium position is characterized
by a minimum for the potential energy, all first derivatives

are equal to zero. To a first approximation, the anharmonic
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terms of third and higher order can be neglected, The reduced

expression for the potential energy 1s then

3N 3N

where fij = fji = (BZV/quaqj)o. Substitution of the expres-

sions for T and V into the Lagrangian equation of motion

da/dt(aL/3qy) - (3L/3qy) = 0O 1=1,2=-=-3N (5)

where L = T-V, produces a set of 3N simultaneous, homogeneous
linear equations (see Appendix A). These simultaneous equa-

tions can be.represented by a secular determinant

fij -)\513 =0 (6)

where A = UHzllf and 513 is the Kronecker delta symbol.
843 =11f 1 = (7)
513 =0 4Af 1 # } (8)

Non trivial solutions of the secular determinant yield fre-
quencies, J)y, corresponding to the normal modes of vibration.
Solutions for these vibrational frequencies, J7;, Will be
functions of atomic masses, internal bond distances and angles
and the bond force constants.

Only in an extremely few, simple cases is 1t possible to
calculate the force constants, fiJ' in a purely theoretical
manner, It 1s generally true that force constants must be
evaluated from experimental data. If the geometrical param-

eters and vibrational frequencies of a molecule are known, it



34

should be possible to calculate the force constants. Gener-
ally speaking, however, there are usually many more fbrce
constants than there are experimental frequency data. To
overcome this difficulty, it is necessary to neglect some
force constants, Consequently, some assumptions must be made
as to the form of the force field model used to describe the
molecule. Thére are several types of force fields used (51,
52). One successful model is the generalized wvalence force
field (GVFF). .In its simplest form, the generalized valence
force field assumes restoring forces opposing changes in
valence bonds and changes in the angle between two valence
bonds connécting one atom with two others, 1In other words
off-diagonal force constants are neglected.

A generalized valence force field with one off-diagonal
term was found to provide quite precise experimental agreement
in the cases of the dimeric transition metal pentahalides
studied in this investigation.

- GF-matrix method

In order to further simplify the analysis of vibrations
in a complex polyatomic molecule, a method originally used by
Wilson (53,54) is commonly employed., It is generally referred
to as the GF-matrix method.

When the vibrations of a polyatomic molecule are expressed
in terms of internal coordinates (49,55), the corresponding

force constants have a clearer physical meaning than those
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expressed in terms of cartesian displacement coordinates,
Internal coordinates are strictly defined as coordinates which
remain unaffected by translations or rotations of the molecule
as a whole, The use of such internal coordinates, therefore,
has the effect of reducing the number of coordinates used to
describe the molecular vibratlions by six in the nonlinear
molecule and by five in the linear case. The molecular inter-
nal coordinates represent changes in interatomic distances and
bond angles (i.e. valence bond angles, twisting angles, tor—
sion angles). A nonlinear polyatomic molecule composed of N
atoms will possess 3N-6 independent internal coordinates., The
sets of 1nfernal coordinates for the MpX;, molecule are illus=-
trated in Fig. 6. Not all of the internal coordinates shown,
however._are’independent.

In a nonlinear molecule of N atoms, the potential (V) and
kinetic (T) energies of vibration can be expressed as functions

of the internal coordinates in matrix form as

2V = RTFR (9)
2T = RIG1R (10)

where R represents a column vector of 3N-6 indépendent internal
displacement coordinates while F represents the symmetric force
constant matrix of dimension 3N-6, and G 1s a symmetric matrix
containing the molecular parameteré (atomic masses, bond dis-
tances, etc.). The relationship of the G matrix to the

potential energy is demonstrated in Appendix B.
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To further extend the treatment of‘molecular vibrations,
the concept of normal coordinates must be included. fhé
normal céordinétes. Qs represent linear combinations of mass
weighted cartesian displacement coordinates, q, and one normal
coordinate is assoclated with each normal vibrational mode and
vice versa (see Appendix C). Since internal coordinates are
related to cartesian displacement coordinates by a llinear
transformation matrix (Appendix B), normal coordinates are
linearly related to the internal coordinates, Ryi, and like-
wise the converse is also true. |

R = LQ ' (11)
Q 1s a column Vector of normal coordinates (Q1s» Q2. Q3-=-Q3y.¢)
and L is a transformation matrix of dimension 3N-6, Substi-
tuting this relationship into Equations (9) and (10), the
potential and kinetic energies are expressed in terms of the

normal coordinates.

2V

QTLTFLQ (12)

T-lo

27 = QL G LQ (13)

i

The definition of the normal coordinates (see Appendix C) 1is,
however, expressed as

2v = QTA Q (14)

27 = §TEQ (15)
where E is the identity matrix and A ='d1ag(hﬂ21/§). Compar-
ing matrix Equations (12) and (13) with Equations (14) and
(15), it is obvious that



LTFL = A (16)

Lic-1L = E (17)
From Equations (16) and (17) is derived the matrix form of
the characteristic molecular vibration equation, expressed
in terms of the internal coordinates.

(GF)L = LA (18)
In this last expression, 1t can be seen that the frequency
parameters expressed in the diagonal A matrix are eigenvalues
of the GF matrix. Correspondingly, the columns of thelL
matrix are eigenvectors of the GF matrix and each is related
to a particular eigenvalue. The determination of the normal
frequencies, normal modes and normal coordinates depends upon
the solution of just such a characteristic equation.

Symmetry factoring

In Equation (18) the order of the F and G matrices 1is
often large when the basis coordinates are internal coordi-
nates. It is possible to factor the F and G matrices by trans-
forming to a different set of coordinates. Such a set of
coordinates which allows the characteristic vibration equation
to be factored to the maximum extent made possible by the sym-
metry are called the symmetry coordinates (56). One of the
most useful types of symmetry coordinates and also that type
used in this study are the internal symmetry coordinates (57).
Internal symmetry coordinates, Sy, are constructed from appro-

priate linear combinations of internal coordinates, By. This
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process can be represented in matrix form as
S = UR (19)

where S = col(83), R = col(Ry) and U 1is the transformation
matrix. Methods for constructing such symmetry coordinates
are presented elsewhere (58,59,60). It is simply'sufficient
to state that the internal symmetry coordinates are appropri-
ately chosen linear combinations of equivalent internal
coordinates (i.e. internal coordinates which are exchanged by
the symmetry operation of the molecule). The internal sym-
metry coordinates of the MzXjp.molecule, along with the
related redundancy conditions, are reported in Table 6,

Usins-group theory (48), the reducible representation
for the molecular vibrations of the MzX;( molecule of bZh
symmetry, is

[v1p = 6AghlBy o #2B, #3853 +28,+4B), + 5B +4Bsy, (20)
Upon employing the rules for determining the various vibra-

tional activities (60), it was found that

I'(intrared) = uByy+582u+4B3, (22)
[(1nactive) = 2a, (23)

For the M2Xjp molecule, therefore, there are fifteen allowed
Raman vibrations and thirteen allowed infrared vibrations.
With regard to the infrared allowed vibrationé. it can be
seen that there are 4 of By, symmetry, 5 of By, symmetry and
4 having Byy symmetry. Since this study was concerned only



Table 6.

4o

M2Xj1op symmetry coordinates - infrared

Biu

Sy = 1/2(sl+82-S3-54)

S, = 8‘*(v1+v2-vB-vu+v5+v6-v7-v8)
Sy = 8'5(u1+u2-u3-u#+u5+u6-u7-u8)
Sy = A

S5 = 1/2(t1+tp-t3-ty)

Sg = 1/2(31'32*33‘34)

Sp = 1/2(ry-rp+r3-ry)

Sg =.2‘é(a1-u2)

Sg = 8‘%(u1+u2+u3+u4-u5-u6-u7-u8)
S10= 8‘*(v1+v2+V3+vu-v5-v6-v7-v8)
S11= 1/2( ¥+ Ya-Y3-Yy)

812= 273 (¢1-¢p)

S14= 1/2(Y1+Ya=Y3=Yy)
S15= S'Q(ul-uz-u3+uu+u5-u6-u7+u8)
816= 8'5(vl-v2+V3-vu-v5+v6-v7+v8)
S17= 1/2(¥1=Ya+Y3-Yy)

Redundancy conditions
Sg + 819 =0
Syy + 27%8g + 2735, = 0
812 =0
S15 % 816 = 0




L1

with the infrared allowed vibrations of the MzXjo molecule,
the Raman vibrations will be omitted from further discussion.
With a knowledge of the symmetries of the infrared
allowed vibrations in the M;Xj, species, it then becomes pos-
sible to use the related internal symmetry coordinates to
factor the original F and G matrices to yield new F'! and G°
matrices,
(G'F')L' = L*A (24)

For the infrared allowed vibrations of the MzXjg molecule,
the orders of the various submatrices contained in F' and G!
are 4x4, 5x5, and 4x4, It is shown in Appendix D that

F' = UFUT (25)

G' = uguT (26)
and L' represents the linear transformation matrix between the
normal coordinates, Qy, and the internal symmetry coordinates,
Sy

S =1L'Q (27)
Using Equation (24), it is possible to work on each of the
factored submatrices separately and therefore the various .
matrix operations involved in a mathematical vibrational
analysis are considerably simplified.

Normal modes of MaXjq

The normal modes of vibration are represented by the
normal coordinates, It is difficult, however, to calculate

the normal coordinate matrix, Q, prior to a complete vibra-
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tlonal analysis. An exact calculation of the normal coordi-
nates would necessitate a solution of the L' matrix, expressed
in Equation (27), and would therefore mean that the character-
istic matrix Equation (24) be solved for both eigenvalues, A,
and eigenvectors, L!'. Since this is not possible prior to a
complete vibrational analysis, the L' matrix is usually
approximated by a unit matrix E. This means that, to a first
crude approximation, the normal modes of vibration can be
represented by'the internal symmetry coordinates, Sy. An
approximate description of the infrared active normal vibra-
tional modes of the M>Xj5 molecule 1is 1llustrated in schematic
fashion 1anig. 7.

In Fig. 7 1t can be seen that the vibrational mode repre-
sented as I/Q(Blu) is an out of plane ring bending of the
heavy MX;, units. It is believed that the vibrational energy
assoclated with this type of mode would be extremely low. It
was therefore postulated that the frequency of vibration asso-
clated with Vy,(By,) lies at a value lower than the lowest
detectable frequency limit (42.5 em.~l) of the infrared spec-
trophotometer. The out of plane ring bending vibration is
usually considered to be the vibrational mode of lowest fre-.
quency in dimeric molecules having symmetrically di-bridged

N
systems, Such a vibration is the lowest bending fundamental

1

observed for BoHg and lies at 368 cm.”™ whereas the next

lowest bending fundamental of diborane lies at 820 cm.-1(61).
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Fig. 7. Vibrational modes (infrared active) of MxXjo
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Onishi and Shimanouchi (62) have calculated the nonplanar ring
bending mode of AlyClg to occur at a frequency of 70 cm,~1,
some 160 cm.=! below the second lowest infrared active beﬁding
fundamental of 170 cm.”l. With more massive molecules, this
type of vibration has remained undetected. Beattie et al.
(63) have not observed the out of plane ring bending mode in
the infrared spectrum of GazClg. Similarly, Adams et al. (64)
have not observed the out of plane MX;M ring bending mode in
the infrared absorption spectra of the planar molecular anions
[MpX¢]?~ (M = Pd, Pt; X = C1, Br, I). It has also been
recently reported that the ring deformation mode has not been
observed in the compounds: AuzClg, AlpBrg, Alzlg and Inszlg
(65). For these reasons, it was therefore postulated that the
only remaining unobserved infrared active fundamental of the
Mo>Xy0 dimeric heavy transition metal pentahalldes was:
Vy(Byy). For purposes of calculation, the frequency asso-
ciated with the V,(B;,) mode was equated to zero. Conse-
quently, the force constant associated with this type of
vibration is equal to zero and the corresponding rows and
columns of the F!' and G' matrices were omitted., This had the
effect of reducing the order of the By, submatrices of F' and
G*' by one. This type of reduction of the degree of the char-
acteristic vibrational equation is commonly known as the low

frequency approximation (60).
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Molecular parameters of MpX;, molecules

In order to calculate force constants for the dimeric
transition metal pentahalides, it was first necessary to
evaluate their individual G' matrices. The G' matrix contains
terms related to the molecular parameters such as atomic
masses, bond distances and bond angles. Consequently, a
knowledge of the various molecular parameters was a necessary
prerequisite to a detalled normal coordinate analysis. Along
with the atomic masses, six molecular parameters (3 bond dis-
tances and 3 bond angles) ﬁere necessary to describe the
MpXj0 molecules. These quantities, along with a description,
are presenfed in Table 7. In the case of the dimeric penta-
chlorides MCl;o (M = Nb, Ta, Mo, W, Re), the various values
for the molecular bond distances and bond angles were known
from previously published X-ray structural studies (24,25,27,
29). There were, however, no avallable structural data for
the solid transition metal pentabromides (MzBrig; M = Nb, Ta,
W) and pentalodides (MpIjp: M = Nb, Ta). For these reasons,
certain assumptions had toc be made regarding the molecular
structures of these compounds.,

For the dimeric pentabromides of niobium and tantalum,
1t was assumed that the terminal metal-bromine distances were
equal to those values calculated for the gaseous MBrg monomers
from electron diffraction studies (19,20). This assumption

appeared to be a valld one. In Table 1, it was seen that
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Table 7. Molecular parameters of Mz2Xjo halides

Compound ° o o Ref.
A A A deg. deg. deg.

NbyCl;p 2.250 2,302 2,555 101.7 168.2 101.3 (24)
NbyBryg 2.45  2.45 2.72  101.7 168.2 101,3 text
NbyIjg - 2.61 2,61 2,90  101.7 168.2 89,0 text
TapCl}p 2.250 2,302 2.555 101.7 168.2 101.3 (24)
TapBrip  2.44 2.4 2,71 101.7 168.2 101.3 text
TazI1g 2,61 2,61 2.90 101.7 168.2  89.0 text
MopClyp 2.24 2.24 2.53 96.4 167.2 98.6 (25)
W2Clyg 2.2 2,26 2,53 96.4 167.2  98.6 (27)
WaBryg 2.39 2.39 2.70 96.4 167.2 98.6 text
RepCljg 2.24  2.24 2,47 96.4  170.4  98.6 (29)

8t = M-X (equat.) distance.

bs = M-X (axial) distance.

Cr = M-X (bridge) distance.

a = X (equat, )=-M-X (equat.) angle.
®8 = X (axial)-M-X (axial) angle

fe = M-X (bridge)-M angle.

there is 1little difference between the terminal metal-chlorine
distances observed in the gaseous monomers and the solid
dimers of niobium(V) and tantalum(V) chloride. This relation-
ship was therefore assumed to hold for the pentabromides of

niobium and tantalum. Bridging metal-bromine distances in |
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Nb2Brjp and TapBrjg were calculated by assuming that the
distance ratio d(M-Xp)/d(M-Xqp) was equivalent to that observed
in the corresponding pentachlorides, Bond apgles in the di-
meric pentabromides of niobium and tantalum were set equal to
those observed for the NbzCljp molecule (24).

In the dimeric tungsten(V) bromide, the terminal
tungsten-bromine distances were calculated from the sum of
the covalent radius of bromine (66) and the radius of W(V)
as determined from W2Cljg (27). Bridging metal-bromine dis-
tances in WyBrjp were calculated by assuming the distance
ratio d(W-Xg)/d(W-Xp) was equal to that observed for WzCljg.
Bond angles in the dimeric tungsten(V) bromide were assumed
equivalent to the published values of MosClyg (25).

No structural data, whatever, were available for the
1odides of niobium(V) and tantalum(V)., In light of the struc~
tural data for the solid pentachlorides of niobium and tanta-
lum (24), the molecules NbpIjg and TapI)g were considered
1sostructural. Terminal metal-iodine distances were calcu-
lated from the sum of the covalent radius of iodine (66) and
the covalent radii of Nb(V) and Ta(V) as determined from the
structural data (19,24). The bridged metal-iodine distance
was calculated on the basis that the distance ratio d(M-Ig)/
d(M-Ip) was assumed equal to that value observed for the
dimeric niobium and tantalum pentachlorides. The bond angles,

6 and B, in the dimeric niobium(V) and tantalum(V) iodides
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were Set equal to those observed in the niobium(V) chloride.
The bond angle € was chosen to-have a smaller value of 89.0°,
This value permitted the bridging iodines in MzIjo (M = Nb,
Ta) to remain a distance apart equal to twice the van der
Waals radius of iodine, thus remaining sterically unhindered.

Force field of M2Xjp molecule

The force field model chosen to describe the infrared
allowed vibrations of the dimeric MsXjp transition metal penta-
halides was a generalized valence force field with one off-
diagonal element. This force field is illustrated in Fig. 8.
The simple valence force constants fg, fp, fRs fg» fye fys and
fy are self-explanatory. The force constant designated as
fis 1s the interaction force constant of the axial-terminal
M-X bonds. 1In certain cases, fés was found to have appreciable
values., The only off-diagonal constant, fRY' represents the
interaction constant between the stretching, Ar, of the M-=X
bridge and_the bending, Ay, of the X(equatorial-terminal)-M-X
(bridge) angle., It was initially thought that such an off-
diagonal force constant would have appreciable values since
any bridge stretching mode would, of necessity, involve defor-
mation of this angle., Resultant computations, however, indi-
cated that the force constant fp, was negligible in most
cases. Nevertheless, the calculated values of fg, did provide
a comparison check of the magnitudes of the off-diagonal and

diagonal force constants, thereby indicating the relative
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importance of the interaction terms. It was concluded that
the off-diagonal force constants play an increasingly impor-
tant role in the cases of the heavier bromides and lodides of
the pentavalent transition metals.

Factored characteristic vibrational equation of M2Xjgo

The final form of the symmetry factored F' matrix, after
the elimination of certain redundant symmetry coordinates
(67,68), is 1llustrated in Fig. 9. For the case of the
observed infrared fundamentals of M»2Xjp, it was observed that
symmetry factoring had the effect of reducing a 12x12 matrix
into a 3x3, a 5x5, and a 4x4 matrix, each of which was oper-
ated on separately.

Using certain geometrical methods described in detail
elsewhere (69,70), 1t was possible td compute the unfactored
general elements, 8130 of the kinetic energy matrix. For the
specific case of the MpXjp molecule of D2h symmetry, these
g-elements are represented in Appendix E. A corresponding
symmetry factored G! matrix was constructed from the related
g-elements., The elements of the factored G' matrix are
appropriately chosen linear combinations of the unfactored
g-elements., These matrix elements of the symmetry factored

kinetic energy matrix, G', are contained in Table 8.
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Table 8., (Continued)

G'10,10(B3u) = &te=8'tt

G'10,11(B3y)

8tr=8'tr
G'30,12(B3y) = 2%(gtu"'g'tu)
G'20,13(B3u) = &y-8'¢,
G'11,11(B3u) = &prr+8'rr-8"rr
G'11,12(Bgy) = 2é\(gru'g'ru"‘g"ru)
G'11,13(B3y) = 8p\=8'py+&"py

G'12.12(33u) = guu'g'uu'g"uu+8'"uu*gIvﬁu*SVuu

G'12,13(B3y) 23 (gyyg" vy +8"yy)

G'13,13(B3y) = Byy-8'yyr8"yy

Refinement of Force Constants

Least squares refinement procedure

The least squares force constant refinement procedure
used in this Sfudy was based on the original method of Mann
et al. (71,72) with some modifications. The method itself
consists of a regression analysis in which a quantity relating
the calculated and experimental observables is minimized.
Initlally, a trial set of force constants, f;, was chosen.
These trial force constants were then used to calculate a set
of vibration frequencies, ljn. and the Jacobian matrix ele-
ments of those frequencies with respect to all the force

constants (alin/Bfm). This Jacobian matrix was then used to
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set up linear equations for the changes to be made in the
trial force constants in order to improve agreement between
the observed and calculated frequencies. The linear equations
were solved by the method of least squares. The whole process
was repeated with successively improved sets of force con-
stants until no further linear refinement of the constants
cou;d be found to improve the agreement between the observed
and calculated fundamental frequencies., When this stage is
reached, the final iterated force constants are said to com-
prise the "best set" which provides the best fit of the
frequency data. |

The quantity used in the minimization procedure is called
the variance. The variance, Var(i), is related to the fre-
quency difference between the i+1lth calculated set of funda-
mentals, l}%+1. and the observed fundamentals, I}g. The

variance is represented as
s

Var(i) = 3,
' n=1

[wrt-vrv | 2 (28)
where s = number of fundamentals and 1 = iteration number.
Since the variance corresponds to the sum of the squares of
the relative deviations of the calculated frequencles, it can
possess values which represent the closeness of fit without
regard to the signs of the absolute deviations, If the fre-~

quency parameters are replaced by the following substitutions

Wy = (1/U9)? (29)
and
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sUy = UL - v (30)

then Equation (28) can be rewritten in the form
s

Var(1) = 21 (vl +avl o pv9)? (31)
n=

or in matrix language as

var(1) = (Ut + aUY - UO)Twut 4 2t - U°) (32)
where W is a diagonal matrix, having elements (w)nn==(1/1}g)2
while the other matrices are sums of the component nxl column
vectors,

The next step is to relate the changes in frequency,
AU, with the corresponding changes in the force constants,

apd « This is accomplished by using the Jacobian relationship

AV = 3, (art) (33)
where J1 1s the 1 th Jacoblan matrix having as elements
- 1,504
(Jy)pm = 3V, /30 (34)

Where n = number of fundamentals while m = number of force
constants. Using this relationship and substituting it for
Avi in Equation (32), the relationship of the variance to the
corresponding changes in the force constants can be expressed
in matrix form as

var(1) = (Ui-po)Tw(vi-v°) + (VE-vO) Tus art +

(35)
(78tHTw(vt-vo) + (g0 Ty st

Upon differentiation, the resulting expression is
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avar(1)/3(af) = (Ui-pOWg, + (5y0e1)Tuay (36)

from which, upon minimizing the variance (degree of fit) by

setting
3var(1)/3(arl) = o - (37)
and transpoéing terms, it follows that o
aet = (3Pway )l Tw(vo- v (38)

where Afl represents the force constant correction vector
obtained from the i th iteration.

Equation (38) is used to refine the calculated frequen-
cies U1, When the calculated frequencies approach values of
the observed frequencies, U, the elements of the Afl vector
begin to vanish. Convergence then implies that the elements
of the Af1 vector have become so small that the frequency
changes to which they would lead are negligible. To initiate
the least squares refinement process, a trial set of force
constants is chosen and.an initial set of frequencles 1s com-
puted., Then using Equatioh (38), a correction to the initial
force constants is calculated and a new set of force constants

computed from the relation

141 (new) = fi(o1d) + ol | (39)
The process 1s repeated until fé*l(new) = f%(old) or, in other
words, until the correctlon vector vanishes. The final values
of the force constants are then sald to represent the "best
set",

In the refinement Equation (38), most of the terms are
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either known or can be computed to a high degree of accuracy.
However, the Jacoblan matrix elements, al)%/afé. must be
approximated. This drawback is the chief cause of several
difficulties that may arise in the application of the refine-
ment method. Mann et al. (71) in the first application of
the force constant refinement procedure, computed the ele-
ments of the Jy matrix by giving small increments of 0,01
md./g to each of the force constants and calculating the
resultant frequencies. During their refinement process, how=-
ever, they assumed the elements of the J4 matrix to remain
constant. This type of approximation is valid only when the
initially chosen set of force constants is not very different
from the final refined set. In a different manner, Overend
and Scherer (73,74) have applied first order perturbation
theory and have approximated the elements of the Jy matrix
during each iteration from appropriate linear combinations of
the zeroth order eigenvectors of the symmetfy factored (G'F')-
matrix. This procedure of estimating the J; matrix elements
1s quite often used although the inherent advantages are not
obvious, In this investigation, a different Jacoblan matrix
was approximasted during each iterative step of the force con-
stant refinement procedure. An increment of 0.001 md./x was
gilven to a single force constant and the resultant vibration
frequencies subsequently calculated.' This process was re-

peated for each force constant and by this method, the ele~
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ments of the 1 th Jacobian matrix, J;, were computed row-wise.

This approximation can be stated mathematically as
- 1 1 ~ i i
(Ji)nm = d vn/afm = A vn/l\fm (4o)

when here 4rl = 0.001 md./A.

It sometimes happens that the least squares refinement
procedure does not produce converging values of the force
constants, This can occur if the initial values chosen for
the force constants are bad estimates thereby causing the
correction vector, Afi. to contain some large elements with
the overall result that these force constants are "overcor-
rected", Trouble of this sort, however, can be effectively
cured by using only a fraction of the correction vector in
the initial stages of the refinement process (75). With re-
gard to this study, this fraction was 0.1-0.2 during initial
iterations and near the convergence limit was chosen as 1.0
(full correction).

Nonconvergence will also occur if the matrix (JfWJi) is
nearly singular thereby causing large rounding errors when
its inverse i1s taken in Equation (38) resulting in correspond-
ing errors in the Af; vector. This situation, however, can be
easily detected (76). A simple test for singularity is
obtained by comparing the'product of the diagonal elements
ﬁith the determinant of a matrix., Both should be of a similar
magnitude., If

[]a(JEWJi)aa >> [J$WJ1| (41)
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"then the matrix is close to being singular. Freeman and
Henshall (77), using a damped least squares method, had over-
come problems of singularity by adding to the-(JfWJl) matrix
a scalar matrix B whose elements are defined as trace
(JfWJi)/M where M is a damping factor greater than unity. 1In
this study, the damped leaét squares procedure with M = 10
was found to be advantageous in certain cases. Singularity,
however, was not a major difficulty in this investigation.
The various problems of nonconvergence, which are related to
the least squares refinement of force constants, have been
illustrated in graphic form by Bruton and Woodward (78).

One serious difficulty which arises in any force constant
refinement procedure is the possibility that there are several
distinct solutions to the force field which satisfactorily fit
all the available data (79). The question of which minimum,
if more than one, the calculation converges toward depends on
the-choice of initial force constants., Alternative solutions,
if they exist, can only be found from force constant refine-
ment calculations by systematically choosing a wide variety of
initial force constants. In general, this is not practical.
In relation to this investigation, all force constants
obtained for the various dimeric MpX;o transition metal penta-
halides weré found to be self consistent and therefore consid-
ered representative. The possibility of alternative solutions,

“however, was minimized but not completely eliminated.
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The least squares refinement procedure itself is inde-
pendent of the frequency assignment. Using a particular
assignment and correctly matching the corresponding calculated
and observed frequencies during each iteration, a "best set"
of force constants along with a minimum variance (degree of
fit) can be computed. The correct assignment, however, will
produce the smallest possible minimum variance together with
reasonable values of the force constants (72). In this way,
the force constant refinement procedure can also serve as an
aid in deducing the correct frequency éssignment.

Diagonalization of (G'F')-matrix

Prior to any application of the force constant refinement
process, it is first required to calculate vibrational fre-
quencies from known force constants., To accomplish this task,
it is necessary to solve the (G'P!')-matrix for elgenvalues and
eigenvectors (dlagonalization). Both the G' and F' matrices
are symmetric but oftentimes their product is not (60). It is
not feasible to solve an unsymmetrical matrix for eigenvalues
and eigenvectors using computer iteration methods. Several
methods of overcoming fhis difficulty, however have been
described elsewhere (80-83). One such commonly used diagonal-
ization procedure (81) involves a transformation of the F!
matrix., Such a diagonalization technique was employed in this
study.

As wWas explained earlier, the symmetry factored character-
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istic matrix equation for molecular vibration is written as
(G'F')L' = L'A (42)
where A is the eigenvalue matrix containing the frequency
parameters 4n21,§ on the maln diagonal and L' is the trans-~
formation matrix from the normal coordinates to the internal
symmetry coordinates. Since the G' matrix is symmetric, it
can be diagonalized quite simply and its eigenvalue matrix,
T, and eigenvector matrix, A, can be computed by standard
methods (84). The characteristic equation of the G' matrix
1s represented as
G'A = AT . (43)
A transformation matrix Z is then defined as
z = AT? (u)
where Té = diag(tlﬁ. tzi---). The Z matrix can then be used
to perform a transformation on the F! matrix. This transform-
ation is symbolized in matrix form as
21z = & (45)
where the matrix H is symmetric since A is orthogonal and T
is diagonal while F' is symmetric. Consequently, if H is
then diagonalized or, in other words, if the secular equation
HC = CE (46)
is solved for both eigenvalues, E, and eigenvectors, C, 1t can
be shown that the resultant eigenvalues are elgenvalues of the
(G'F')-matrix or

E=A (47)
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and the eigenvectors of the (G'F')-matrix can be calculated
from the relationship

L' = ZC (48)
where C is the eigenvector matrix of the symmetric H matrix.
These simplifications become obvious if the G' matrix is first
expressed in terms of the Z matrix.

G' = 22T (49)
If Equation (45) is subsequently left multiplied on both sides

by 2, there results the following series of matrix expressions:

2zTF'z = ZH (50)
G'F'Z = 2H (51)
z=lgwpiz = 1 (52)

Substitution of the last expression for H in the secular
Equation (46) produces a new characteristic equation
(Z'G'F'Z)C = CE (53)

or (G'F')(zC) (ZC)E (54)

Comparing Equation (54) with the characteristic matrix expres-
sion of molecular vibration represented by Equation (42), it
1s observed that
E=A (55)
and L' = ZC (56)
and thus the unsymmetrical (G'F')-matrix is solved for both
eigenvalues.z\ , and elgenvectors, L', by straightforward

diagonalization of two symmetric matrices.
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Data processing

In order to facilitate the various calculations involved
in the force constant refinement procedure, two computer
programs were developed with the aid of the Ames Laboratory
Computer Services Group, Iowa State University of Science and
Technology, Ames, Iowa. All computations were executed in
Fortran IV G language on an IBM 360/65 computer.

One program, called GPROG, was specifically designed to
compute the elements of the symmetry factored G' matrix of an
M2X10 system of Dy, symmetry. Input data for GPROG consisted
of the eight molecular parameters of each dimerlic transition
metal pentahalide. A second, more general program, called
FPROG was used for the force constant refinement process.
Input parameters for FPROG contained the G' matrix elements,
an assignment of the observed frequencies, a set of trial
force constants and the number of desired iterations. The
output data, computed after each iterative step, consisted
of the following:

(a) calculated frequencies, 1}%
(b) refined force constants, fé

(c) standard errors of force constants, ci

i

(d) correction vector, Afm

(e) variance, Var(i)
(f) average % frequency error, c(i)

(g) potential energy distribution.



64

After each iteration of the FPROG program, the standard
errors of the force constants, caused by the deviation of the
calculated frequencies from the observed ones, were calcu-
lated by the statistical method of Ogawa and Miyazawa (61).

A potential energy distribution of the internsl symmetry
coordinates in the normal coordinates (see Appendix F) was
computed during‘each jteration to insure the correct align-
ment of calculated and observed frequencies‘for a particular
assignment. After final refinement, the L' elgenvector matrix
was calculated and printed out. Subroutine programs were |
employed for the matrix operations of multiplication, trans-
position and diagonalization. A subprogram in high speed
disk mode was used for matrix inversion. To insure the
validity of the various computer programs, trial calculations
were first carried out on the CH3Cl molecule with the result
that the refined force constants and calculated fundamental
frequencies closely paralleled the published values (57).

A graphic illustration of the force constant refinement
process for the case of WyBrjg is presented in Fig. 10. It
can be seen that the variance, Var(i), is minimized completely
after eighteen iterations. Initially, the trial force con-~
stants produced an average frequency deviation of 3.685% for
the WpBrjp molecule while the final refined values of the
force constants minimized this deviation to 2,008%. The
force constants computed after the eighteenth iteration were

then termed the "best set" gvailable.
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The minimum obtalnable variance depends in a critical
Wway upon the particular choice of frequency assignment,
Smallest values of the minimum variance are obtained for the
correct frequency assignment (72). This specific property of
the variance was found to be invaluable in the earlier stages
of this study where a number of possible frequency assign-
ments seemed applicable to the dimeric MzXj3o transition metal

pentahalides.

Frequency Assignments of MXjq

Prior to the calculation of meaningful force constants,
it is necessary to adopt a correct assignment for the vibra-.
tional frequencies. In this investigation, it was possible
to assign the infrared spectra of the dimeric transition
metal pentahalides: NbzXjp (X = Cl, Br), TazX;o (X = Cl, Br,
I), MopCljg, WpXjg (X = Cl, Br) and RepCljg. In the specific
case of NbpIjp, because of large vibrational coupling effects
and possible breakdown of the force fleld, the least squares
ad justment process did not refine the initially chosen force
constants nor minimize the frequency differences to accept-
able values. Niobium(V) iodide does, however, represent an
extreme case since the iodine atoms are considerably more
massive than the niobium atoms and large mode coupling effects
are to be expected, For the other cases of dimeric MpXjo

transition metal pentahalides, there are basically three sets
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of infrared active fundamentals. One group is concerned pri-
marily with the four infrared active terminal metal-halogen
stretches. A second set contains the two bridged metal-
halogen stretches while a final set 1s comprised of the seven
infrared allowed metal-halogen bending fundamentals.

Terminal metal-halogen stretches

The four highest frequency fundamentals, observed in the
infrared absorption spectra of the dimeric transition metal
pentahalides, were assigned to the four infrared allowed
terminal M-X stretches predicted from Dpp symmetry. In a
past study, Walton and Brisdon (42), from an infrared study
of some M>Xjo metal halides, have also included the bridging
fundamentals in this frequency region and thus postulated six
high frequency absorption bands. Their argument was based on
an accepted frequency difference of ca. 50 cm.”1 between
bridging and terminal J/(M-Cl) frequencies arrived at from a
previous investigation (85) of some bridged halides of palla-
dium and platinum. As was observed in this study, however,
the frequency difference between the bridged and terminal
metal-halogen stretches is dependent upon both the central
metal atom and the corresponding halogen atom. In the infra-
red spectra of all of the MpXjp pentahalides investigated in
this work, only four high frequency fundamentals were observed
in each case.

The terminal metal-halogen stretching fundamentals were
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assigned on the basis of previous infrared studies of similar
fundamentals (50,86) and on the basis of generally accepted
vibrational considerations regarding the relative energies of
various modes (49,87). The assignments of the infrared active
terminal M-X stretching fundamentals were arranged according
to their vibrational energles as
V1(B1y) > V5o(B3u) > Vs(By,) > Vg(By,) (57)

where a schematic déscription of the modes was seen in Fig., 7.
It 1s noted that the four bands comprise three different sym-
metry types thus maintaining resonance interaction at a mini-
mum., Such an explanation can account for the close arrangement
of the high frequency bands in the spectra of the dimeric
pentahalides., This particular assignment of the terminal M-X
stretches 1s equivalent to that chosen by Werder et al. (33)
for the case of NbpCljp, although it is different from that
recently employed by Beattie et al. (88) whose infrared assign-
ments of the MpXjp halides (M = Nb, Ta; X = Ci; Br) are con-
sidered somewhat dubious in light of the results of this study.
In the assignment chosen for this investigation, the relative
ordering of the V,, and VS modes is compatible with the
ordering of similar vibrational modes in the infrared spectra
of the previously studied planar~bridged M»>Xg metal halogen
systems (64,65).

El-Sayed and Kaesz (89) had obtained the infrared spectra

of systems which are comparable to the MpXjp pentahalides.
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They interpreted the infrared spectra, in the carbonyl region,
of the compounds M(CO)yX (M = Mn, Tc, Re; X = C1, Br, I) on
the basis of a dimeric Dj), structure possessing bridging halo-
gens, Their choice of assignment of the four infrared active
CZ0 stretching modes in the szz(bridge)(CO)s system was
entirely vibrationally consistent with that éssignment of the
terminal M-X stretches employed in this investigation. The
metal(V) halides can be similarly formulated as MyXp(bridge)Xg.
Such a comparison of two totally different vibration types
provides an example of a case whereby a high frequency assign-
ment, such as carbonyl stretching modes, can be useful in
establishing the character of lower frequency modes, such as
metal-halogen stretches.

Bridged metal-halogen stretches

The two band maxima observed at intermediate frequencies
in the infrared spectra of the dimeric transition metal penta-
halides were assigned to the two infrared allowed bridged M-X
stretching modes, 1/7 and Vy;, predicted from Dy, Symmetry.
According to this particular assignment, 1/7(B2u) was consid-
ered to be at higher energies than Vll(B3u) for all of the
pentahalides studled except TapIjp where, because of geometrli-
cal considerations, the reverse arrangement was held to be
valid., The assignment of the bridged metal-halogen strétching
modes in szlo was consistent with that employed by previous

workers (33,88).



70

In Table 9, spectral data are presented for the infrared
active bridged metal-chlorine stretching vibratlions of several
symmetric doubly halogen bridged metal chlorides, It can be
seen that the vibrational frequencies associated with the
bridged M=-Cl stretching modes are a critical function of such
factors as the nature of the metal atom and its related mass
and coordination number.

Table 9. Some bridged metal-chlorine stretching frequencies
in the infrared

Spectes  Metalaten . Vo
CupClg?~ square planar 278 236 (90)
Pd2C1¢2- " 305 263 ‘ (64)
Pt2C142- "o 315 302 (64)
Au2Clg " 310 305 (65)
AlpClg tetrahedral " 420 (338)P (62)
GasClg " 305 287 (63)
Nb2Clip octahedral 251 223 this work
MozClig " 276 238 - "
TazCljg " 251 225 "
W2C110 " 283 247 "
RexClyg " 276 255 "

8ppproximate coordination.

bCalculated value.
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Metal-halogen bends

The majorit& of the band maxima observed in the metal-
halogen bending region of the infrared were assigned primarily
on the basis of the results of previous vibrational studies of
metal halides containing similar vibrational modes (64,91,92).
As stated previously, the M-X bending mode of MyXyq5 repre-
sented as Uy(By,) 1s a low frequency ring deformation mode
and was not observed down to 42,5 cm.~1 (instrument limit).
Some difficulties ensued when three métal-halogen bending
modes could not be initially assigned because of thelr
apparent similarity. In that event, the particular assign-
ment which best reproduced the observed frequencles was chosen
to be the correct one. For the case of NbaCljp, six trial
assignments were used in the force constant refinement pro-
cedure but only one such assignment produced a reasonable set
of force constants and an extremely small value of the minimum
variance (degree of fit). That particular assignment was
chosen for further calculations and was subsequently found to
be self consistent with respect to the infrared spectra of
all of the dimeric transition metal pentahalides 1lnvestigated.

Frequency relationships

The various assignments of the infrared spectra of the
dimeric transition metal pentahalides are contained in Tables
10 and 11. It is of interest to note the various shifts in

those frequencies assoclated with the metal-halogen stretching



Table 10.

Assignment of MzCljg observed infrared frequencies (cm.=1)

Assignment

NbZC].lO MOZC]'].O T&zC].lo WZCllo Rezcllo

Blu

P o T . T e T o TP o T o )
<

<

( vV

Byy ( Y10)

(Y11)

(Vy5)

(V

13)

Asymn. M-X(axlal) stretch
Out of plane M-X, wag

Qut of plane M=X), wag
Ring deformation

Symm. M-X(equat.) stretch
Symm. M-X(axial) stretch
Asymm M-X(bridge) stretch
In plane M-Xs(equat.) bend
M-X>(axial) bend

Asymm, M-X(equat.) stretch
Symm, M-X(bridge) stretch
M-Xo(axial) bend

In blane MXs> rock

423
171
116
0.0%
400
365
251
197
154
412
223
142
73

Li2
172
117
0.0%
380
347
276
214
159
391
238
143
75

41l
164
119
0.0%
385
364
251
200
148
Lho2
225
138
71

398
166
121
0,08
365
334
283
203
148
379
247
141
72

Lok
168
118
0.02
369
350
276
216
157
393
255
148
83

8No iteration.

42



Table 1l1l.

Assignment of MyX,, observed infrared frequencles (cm.‘l)

Assignment Nb2Bryo TasBrig W2Bryg TazI1g
Bjy (Y1) Asymm. M-X(axial) stretch 299 261 260 197
( Y2) out of plane M-X» wag 112 112 114 83
(V3) out of plane M-Xi wag 77 79 73 61
( Yy) Ring deformation 0.02 0,02 0,02 0.08
Bay (Y5) Symm. M-X(equat.) stretch 263 244 244 176
(Vg) Symm. M-X(axial) stretch 219 217 212 155
(VY9) Asymm. M-X(bridge) stretch 159 162 179 107
(Vg) In plane M-X2(equat.) bend 127 127 129 95
( V9) M-Xo(axial) bend 105 102 103 77
By, Y10) Asymm., M-X(equat.) stretch 283 251 253 186
( Y11) Symm. M-X(bridge) stretch 145 147 158 116
( Y12) M-X2(axial) bend 96 96 95 73
( Y13) In plane MX, rock 63 63 63 45

8No iteration.

€L
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vibrations. Since it is the metal-halogen stretching modes
which can relate useful information concerning the strengths
of the various metal-halogen bonds, they comprised the funda-
mental modes of prime interest in this investigation.

The shifts to lower freéquencies of the terminal M-X.
stretches on going from Cl to Br to I, while keeping the
central metal atom unchanged, are those which would ordinarily
be expected for metal halides, It was also observed that on
proceeding to the heavier pentahalides of the same transition
metal, the frequencies associated with the bridged M-X
stretches begin to increasingly rank in energy with those
frequencies corresponding to the terminal M-X stretching modes.
Such a trend would seem to indicate the increasing stability
of the M-X (bridge) bond relative to the M-X (terminal) bond
on going from chloride to bromide to iodide. Similar fre-
quency trends have been observed by Adams et al. (64) in the
infrared spectra of the planar symmetrically di-bridged
anionic halides of platinum(II), [PtoXg]%~ (X = €1, Br, I).

As the halogen atom remained unchanged while the central
transition metal atom of the dimeric pentahalide was varied
within a Group, accompanying changes occurred in the position
of the metal-halogen stretching frequencies. In the infrared
spectra of the pentachlorides and pentabromides of nioblum and
tantalum, the frequencies assoclated with the terminal metal-

halogen stretches decreased on going from the niobium penta-
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halide to the tantalum pentahalide, while on the other hand,
the corresponding bridged metal-halogen stretching frequencles
remained approximately constant, Similar frequency shifts “
were seen to occur in the infrared spectra of the penta-
chlorides of the Group VIB heavy transition metals, with the
minor difference that the bridged metal-chlorine stretching
frequencies increased slightly on going from MozCljg to WoCljg.
Prior to any force constant calculation, it was difficult to
assess such frequency shifts as these that occur within a
Group since the mass changes on proceeding to heavier metals

in the same Group exert considerable influence on the positions
of the M-X stretching frequencies.

It is usually more convenient to analyze the frequency
changes in the infrared spectra of the corresponding penta-
halides of the transition metalé'of the same period since any
frequency shifts due to mass effects are minimized. In rela=-
tion to tﬁe infrared spectra of the second series penta-
chlorides, it was observed that the terminal M-Cl stretching
frequencies of MopCljp occurred at lower values than those
observed for Nb2Cljg while the reverse arrangement applied to
the bridged M-Cl stretching frequencies, This would seem to
indicate the increasing energy of the vibrational modes asso-
ciated with the stretching of the M=Cl (bridge) bonds on pro=-
ceeding from niobium (d°) to molybdenum (al) pentachloride,

Analogous frequency shifts were observed in the infrared
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spectra of the pentachlorides and pentabromides of the third
series transition metals tantalum and tungsten. The infrared’
spectrum of the dimeric rhenium(V) chloride, however, did not
smoothly fit into this trend. The terminal M-Cl stretching
frequencies of Re2Cljp attained values smaller than those of
TapCljg but slightly larger than those corresponding to
W2Cli1p. On the other hand, the frequencies associated with
the bridged M-Cl stretching modes of ResClyy Were comparable
to those of WpClyjpn, where the bridged M-Cl stretching vibra-
tions occurred at significantly higher vibrational energies
than the corresponding vibrational modes of Ta3Cljg.

In 1light of these results, it can generally be stated for
the case of the heavier transition metal halides that, on
going from the heavy metals of Group VB to those of Group VIB
or Group VIIB, the bridged metal-halogen stretching modes
become increasingly energetic relative to the terminal metal-
halogen stretching vibrations. It would be 1nd¢ed risky to
extend such an argument to include the entire transition metal
series; nevertheless, there are some points of interest, In
the infrared‘Spectra of the chlorides of the heavy metals at
the end of the transition series, the average difference
between the terminal M-Cl stretches and bridged M-Cl stretches
1s reported as ca. 50 cm."! for the cases of the planar species
[MpC16]%~ (M = Pd, Pt) (64) and AupxClg (65, 88). From the

present investigation, it was concluded that the corresponding
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difference between terminal and'bridged M-Cl stretching fre-
quencies is ca. 100 cm.”L in the cases of the dimeric penta-
chlorides of heavy metals occurring early in the transition
series. A comparison of such frequency differences would
therefore indicate that halogen-bridge bonding plays a more
important role in the halides of the metals at the end of the

transition series.

Force Constants of M2Xjq

From the far infrared absorption spectra of the dimeric
transition metal pentahalides, MoXjp, 1t was possible to
calculate nine vibrational force constants. Descriptions of

the various force constants are presented in Table 12,

Table 12, Description of MpXjp force constants

Force constant Description
fg axial M-X stretching
fop equatorial M-X stretching
R bridged M-X stretching
fis MX(axial)-MX(axial) str. interaction
fo X(equatorial)-M-X(equatorial) bend
fy X(equatorial-M-X(axial) bend
fu X(axial)~M-X(bridge) bend
Ty X(equatorial-M-X(bridge) bend

M-X(bridge) str.-bend interaction
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It was necessary to include an opposite bond stretch
interaction constant, fgg, in order to fit the infrared
spectra of the majority of the MsXjp halides. Such an inter-
action constant was expected to be significant in cases where
the halogen atom was massive in comparison to the metal atom.
In a simllar manner, fgy, the only off-diagonal force constant
employed, attained significant values in cases where light
metal atoms were bonded to heavy halogen atoms,

The values of the force constants of several MyXjg heavy
metal halides are presented in Tables 13 and 14 along with the
corresponding standard deviations caused by the differences
between the observed and calculated frequencies. Each stand-
ard error term was a function of all of the frequency resi-
dues., It was observed, however, that the standard deviations
of the force constants generally increased as the degree of
frequency fit decreased. The observed and calculated infrared
frequencies are contained in Appendix G.

There were two types of terminal M-X bond force constants
éomputed from the infrared spectra of the M»Xjo halides. One,
labelled as fg, involved the stretching of the M-X (axial)
bonds while the other was associated with the stretching of
the M-X (equatorial) bonds and was symbolized as fp. It can
be seen from Tables 13 and 1k that fg = fp when fgg = 0. This
1s the expected result since fg does not principally determine

the positions of the associated M-X (axial) stretching vibra-



Table 13.

Force constants of some dimeric heavy metal pentachlorides

Force constant

mdyne. (X)‘l NbsCly MosCly g TansClyg W2Clip Re2Cljyq
fq 2.395+0.005 2.26 +0.02 2.68 +0.03  2.32 +0.01  2,478+0.005
£ 2.20 #0.02 1.97 +0.06 2.63 #0.03  2.25 +0.05 2.40 +0.06
fa 0.84 +0.09 1.17 #0.02 0.88 #0.02 1.25 #0.01  1.17 +0.01
fas 0.416+0.005 0.26 +0,02 0.08 #0.03 0.01 +0.01  0.070+0.005
for 0.29 +0.02  0.345+0.007 0.311+0.007 0.313+0.002 0.349+0.003
£y 0.17440.005 0.17040.003 0.155+0.002 0,150+0.003 0.163+0.003
£y 0.156+0.005 0.165+0.004 0.189+40.003 0.202+0.005 0.204+0.005
£y 0.12 #0.01  0.103+0.002 0.110+0.006 0.096+0.001 0.145+0.001
fry 0.01 #0.02 0.05 #+0.01  0.002#0.016 0.034+0.005 0.004+0.002

dey: (#5% 1.714 1.721 1.417 1.159 1.253

Var(min.)x102 = 0,5718 0.5567 0.4354 0.3048 0.4142

64



Table 14, Force constants of

some dimeric heavy metal pentahalides

Force constant

ndyne. (R)-l NbyBryg TasBry g WoBrip Ta2I10
fg 1.76 +0.02 1.888+0.006 1.835+0.006 1.31 +0.02
£ 1.31 +0.08 1.63 +0,02 1.61 +0.07 0.83 +0.20
fr 0.74 +0.07 0.83 +0.01 1.14 +0.05 1.00 +0.07
fis 0.52 +0.02 0.355+0.005 0.291+0.006 0.32 +0.02
fo 0.16 +0.02 0.177+0.007 0.211+0.007 0.22 +0.07
£y 0.176+0.009 0.169+0.006 0.17340.006 0.142+0.005
fu 0.142+0.006 0.160+0.005 0.141+0.004 0.154+0.005
£y 0.22 +0.02 0.205+0.003 0.171.40.006 0.126+0.005
Ry 0.08 +0.02 0.074+0.004  0.09 +0.02 0.10 +0.06

Ave, freq. -

dev. (%) = 3.064 1.411 2,008 2,665

Var(min,)x10% = 2.0394 0.4692 0.8078 2.2265

08
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tions, As illustrated in the factored F' matrix in Fig. 9,
the M-X (axial) stretching vibrations are determined primarily
from linear combinatlons of the force constants fg + fése The
M-X (equatorial) stretching vibrations are, however, princi-
pally related to a single bond force constant, fp. For these
reasons, the more independent force‘bohstant fp was chosen to
represent the terminal M-X bond fbrce éonstant.

The bending force constants of the dimeric MpXjo metal
pentahalides were ca. 1/10 the values of the bond stretching
force constants as 1s usually the case among mostlmolecules
(60). Values of the bending force constants were observed to
remain approximately constant and did not appear to be partic-
ularly dependent upon either the metal or the halogen atom.

On the other hand, however, the bond force constants did appear
to be critical functions of both the metal and halogen atoms.
The terminal M-X bond force constants of the pentahalides of a
particular metal were related in the usual manner as fop(M-I) =
0.7fp(M=Br) ¥ (0.7)2fp(M-Cl). In a similar halogen series,
however, the bridged M-X force constants, fy, did not appear
to be distinctly dependent upon the halogen atom. Values of
the fR/fT ratio increased on golng to.the heavier pentahalides
of the same transition metal. These results are contained in
Table 15. The pentahalides of tantalum provided a complete
series for comparison. The calculated bond force constants of

the TapXj1o compounds indicated a definite dependence upon the
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Table 15, Values of fgp/fqp for MzXjgq

Compound fp/fp

Nb,Cly 0.380 + 0.043

NboBryg 0.563 + 0.097

TasClyg 0.335 + 0.012

TayBry 0.511 + 0.014

TasIyg 1.212 + 0.370

MoxCljg 0.519 + 0,029

WoClyg 0.556 + 0,01k

WoBry( 0.708 + 0,064

RepClyg 0.485 + 0.016

halogen atom.

f(TazClyg) = 3fg(TasClyg) (58)
fp(TapBrig) & 2fg(TapBrig) (59)
fp(TazIig) = £y (TazIyg) (60)

A similar relationship was observed for the pentachloride and
pentabromide of niobium,
£1(Nb2Cly0) = 3rp(NbyCly ) (61)
fp(NbyBryg) = 2fp(NbyBryg) (62)
Strictly speaking, bond dissocliation energies, V4, are
not proportional to bond force constants, fg = (32V/3R2)0 (93).
As a crude first approximation, however, they can be consid-

ered so. With this in mind then, a comparison of the bond
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force constants for the pentahalides of niobium and tantalum
indicated that halogen bridge bonding becomes increasingly
favorable as the size of the halogen atom increases. This was
also found to be true for the tungsten(V) halides. Similar
trends have also been documented by Adams et al. (64) for the
cases of the dimeric halide anions of PA(II) and Pt(II). It
appears then, at first sight, that halogen bridge bonding
becomes energetically favorable in the order I > Br > Cl for
the heavy transition metal halides.

In order to evaluate the effects of the nature of the
metal atom on the bond force constants, the dimeric heavy
transition metal pentachlorides, M2Cly10, were studied in
further detail. The dimeric pentachlorides provide an appro-
priaté series for purposes of comparison since interaction
effects are minimized because of the lighter mass of the Cl
atom relative to the heavy metal atom, ‘Furthermore, exact
structural data are available for the solid dimeric penta-
chlorides (24,25,27,29). For the MCl;o compounds, the values
of the terminal M-Cl stretching force constant, fq, and the
bridged M-Cl stretching force constant, fg, are illdstrated
graphically in Fig. 1l1l. Here 1t can be seen that on going
from the Group VB heavy metals to those of Groups VIB and VIIB,
the binding strength of the M-Cl bridge bond has increased in
relation to that of the terminal M-Cl bond. The apparent |

anomaly of the dimeric Re2Cljp is not easily understood in
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the absence of any . thermodynamic data (94). From the general
trend of force constants, however, halogen bridge bonding
would appear to play a more important role in the Group VIB
and VIIB heavy metal pentahalides than in the pentahalides of
the Group VB metals. In an analogous manner, it can be -de-
duced that bridged metal-halide bonds relative to terminal
metal-halide bonds appear to be favored more in the penta-
halides of the lighter metals (Nb, Mo) of Groups VB and VIB
than in the pentahalides of the corresponding heavier metals
(Ta, W) of the same groups.

Several experlmental results by previous workers are in
general agreement with these conclusi?ns. As in the case of
the terminal M-X stretching force constants of the M2Cljg
compounds, the‘terminal bond stretching force constants for
the metal hexafluorides are also higher for the third row
transition elements than fof the corresponding second row
elements and decrease within each series (1). Both n}obium
and tantglum pentachloride exist as monomers in the gas phase
(17,18) while there is a report (15) which claims that tung-
sten(V) chloride may exist in appreciable concentrations as
W2Cljp dimers in the vapor state. Such results indicate the
greater preference of halogen bridge bonding in the Group VIB
heavy metal pentahalides,

It is of some interest to extend the results of the trans-

ition metal pentahalides to the lower valent halides of the
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2nd and 3rd row transition metals of Groups VB and VIB. The
general stabilitles of these lower valent halides are in
accord with the data of this investigation. The majority of
metal halides, containing the MgXj2 cluster units (M = Nb, Ta),
possess one type of halogen atom which bridges two metal atoms
(95). On the other hand, the majority of compounds containing
the MgXg clusters (M = Mo, W) each have one type of halogen
atom bridging three metal atoms (96). These results demon-
strate the greater favorablility of halogen bridge bonding in
the cases of the lower halides of the Group VIB metals as com-
pared to the Group VB heavy metal halides.

A compound containing the Nbglg metal halide cluster has
been shown to exist in the solid state (97) while compounds
containing the corresponding NbgClg and NbgBrg clusters have
not been reported. These results would seem to follow the
trend of increasing M-X (bridge) bond stability with increas-
ing size of the halogen atom,

Lower valent metal halides containing the NbgFj2 (98) and
NbgIg (97) clusters are stable solids at room temperature while
the corresponding halides containing the TagFi2 or Taglg metal
halide cluster units are not known at the present time. Such
a crude comparison would appear to confirm the greater sta-
bility of the M-X bridge bond in the halides of the lighter
metal (Nb) of Group VB relative to the halides of the heavier .

tantalum.
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While the apparent stabllities of a number of lower
valent heavy tyansition metal halides are consistent with the
results of this investigation, it would be indeed risky to
extend the force constant relations too far. A myriad of
other factors such as oxidation state, electronic structure,
thermodynamic and kinetic stablility exert considerable influ-
ence on the physical properties of metal halides. In this
study, however, using some very simple force constant analyses
of some higher halides of transition metals, some insight into
the nature of the lower valent transition metal halides can

be attained.

Potential Energy Distributions

The potential energy associated with a particular funda-
mental vibration is comprised of the potential energies of the
component symmetry coordinates. The character of the normal
vibrational frequency is principally determined by that synm-
metry coordinate which contributes the largest share of the
potential energy (99). It sometimes happens, however, that
two or more symmetry coordinates possess similar shares in the
potential energy distribution. In that event, the character
of the vibrational frequency 1s determined by several symmetry
coordinates, Since a symmetry coordinate is associated with a
particular type of internal coordinate, the internal coordinate
character (stretch, bend, etc.) of a fundamental vibrational

frequency can be established from a potential energy distribu-
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tion,

From the final refined sets of force constants for the
MpXj0 metal halides, flnal L' eligenvector matrices were com-
vuted. A knowledge of the L' matrix made it possible to cal-
culate a distribution of potential energies of the symmetry
coordinates in that normal coordinate assocliated with a
particular normal vibrational frequency (see Appendix F).
Relative potential energy distributions of the symmetry
coordinates in the normal coordinates are contained in Appen-
dix H for the infrared allowed fundamental vibrations of the
dimeric MpXy( heavy transition metal pentahalides. From this
typre of study, it was observed that the character of the metgl-
halogen fundamental vibrations became increasingly complex on
proceeding to the heavier halides of a particular metal. For
example, the 259 cm.~l band in NbpClyp was associated primar-
1ly with a bridzed Nb-Cl stretching mode (1)7) while the cor-
responding 152 cm,~1 band in NbyBrjp was principally associ-
ated with both a bridged Nb-Br stretching mode (1)7) and a
terminal Nb-Br stretching mode ( U5). Conversely, on going
to the heavier metal halides, mode coupling diminished. This
1s demonstrated by compaflng the potential energy distribution
of the lightest metal chloride, NbsClig, to that of the
heaviest metal chloride, RepCljgp, studied. The 200 cm.~! band
in the infrared spectrum of NbpCljp has both M=Cl bending

( Vg) and bridged M-Cl Stretching ( U7) character, On the
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other hand, the corresponding 215 cm.~1 band of RepClyo Wwas
comprised of almost entirely M-Cl bending ( Ug) character.
In the two extreme cases of NbyBrj, and Tapljp, it was observed
for a few frequencles that the largest terms in the potential
energy distributions did not correspond to the particular
assigned modes. This was a direct result of intense mode
interaction and inadequacies in the potential field. 1In these
instances, however, the second largest terms in the potential
energy distributions were associated with the assigned modes.
For the majority of bands reported for NbyBry, and TazIjg.
however, the largest terms in the potential energy distribu-
tions did correspond to the assigned modes.

It was generally concluded that, as the halogen atoms
became massive in comparison to the metal atoms, the degree
of mode coupling increases, producing the overall result that
makes it difficult to invoke distinct band assignments in the
infrared spectra of the dimeric heavy transition metal penta-

halides,
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SUGGESTIONS FOR FUTURE WORK

This type of vibrational study can be extended to similar
halogen bridged compounds contalning the metal atom in a low
formal oxidation state. Some monoadducts of several heavy
transition metal tetrahalides, MX;y°L, may exist in a dimeric
form possessing a metal-metal bond in addition to the metal=
ligand bonds. Since the symmetry of such compounds would
permit a large number of infrared active fundamentals, the
related normal coordinate analyses would provide valuable
information concerning the strength of the metal-metal bond
in relation to the other types of bonds present in such com-
pounds. Structural data, however, must be obtained prior to
such vibrational analyses.

In order to investigate further the nature of halogen
bridge bonding in metal halides, the vibrational spectra of a
number of metal compounds containihg differing systems of
bridging halogens would be of value, Particularly with the
recent advent of laser techniques, the low frequency Raman
spectra of a number of heavy metal compounds can now be deter-
mined. With the possibility of obtaining both the low fre-
quency Raman and infrared absorption spectra of the heavier
transition metal halides, the corresponding normal coordinate
analyses and force constant calculations can be carried out
on the highly symmetrical metal halide complexes whose far

Infrared spectra exhibit a minimum of absorption bands.
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APPENDIX A: VIBRATIONAL SECULAR EQUATION

The potential (V) and kinetic (T) energies of molecular
vibration can be expressed in terms of mass weighted cartesian

displacement coordinates (qj) as

3 3N .

2V = 2. 2 fyiq4q (1a)
i=1 j=1 1713
3N

2r = X §? (2a)
i=1

where fy4 = f4y = (Bzv/aqian)o and q; = dq4/dt.
The Lagrangian equation of motion is

a/at(3L/333) - (dL/3qy) = O (34)
where L = T-V. Since T is a function of velocities (qy) and
V a function of the coordinates (qi) only, Equation (3A) can
be rewritten as

d/dt(aT/aai) - (3v/23qy) =0 . (4a)
Substitution of the expressions for V and T into Equation (4A)

results in a set of differential equations

3N
qy + E__I fy393 =0 J=1, 2, 3~===3N (5a)

where HJ = dz(qj)/dtz. One possible type of solution 1is

Q4 = Aicqs()?t+€) (6A)
where Ay, \ and € are constants. Substituting this solution
into the differential equations (5A) produces a set of simul-

taneous homogeneous linear algebralc equations
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3N
Z (fij-éi‘.’)\)Al = 0 J = l’p 2"""""3N (?A)
i=1

~ where 81J = 1(1i=)), 0(i#3}). According to Cramer's rule (100),
nontrivial values of A are those which satisfy the deter-

minental or secular equation

f11-A f12--===---- T1,3n
21 foo=Am==m=mm- f2,3n
£31
=0 (8a)
38,1 £3N,27===="" f3n,3N" A

where \ = 4m2c2 72 and U (wavenumber) = u/c.
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APPENDIX B: RELATION OF G MATRIX AND KINETIC ENERGY

The matrix expression for the kinetic energy of vibra-

tion, expressed in terms of the 3N-6 internal coordinates, 1is

27 = ROG-1R (3B)
where the matrix G is related to the various atomic masses
and coordinates in a molecule composed of N atoms.

The kinetic energy of vibrafion. T, can also be expressed

in terms of the mass welghted cartesian displacement coordi-

-nates, d4» as

27 = qTq (2B)
where é = col(&l. iz-Q-QBN). The internal coordinates, Rj,
are related to the mass weilghted cartesian displacement coor-
dinates, q4, by the matrix expression

R = Dg (3B)
where R = col(R;, Ry---R3y_g) and q = col{qy, gp---d3y). It
remains then to find the inverse transformation of Equation
(3B) and substitute the time derivative form into Equation
(2B) and derive the expression for the G matrix in Equation
(1B). The transformation matrix D is, however, a 3N-6X3N
hatrix and as such 18 singular and does not possess a unique
~ inverse (100). This difficulty, however, can be overcome by
employing certain algebrailc matrix techniques (101). |

The matrix D can be made square by adding six additional

Trows, Do' which represent the six conditions of zero trans-

lational and zero angular momentum



D
d = ( ) ‘ (4B)
DO

and a~l = (z z,) (5B)
where d and 4~1 are square 3NX3N matrices, Z 1s a 3NX3N=-6
matrix and Z, is a 3NX6 matrix. The column vector, desig-
nated as P.-representing the internal coordinates, can then

be presented in a more usable matrix form'which 18 expressed

R D
P=( ):( )q=dq. (63)
r Dy

From the definition of internal coordinates r = D,q is a

as

column vector having six zero elements. The inverse trans-

formation of Equation (6B) can be formulated as

q = a~1p (7B)
or in time derivative form as
. . . R
q = a-lp where P = |, (8B)
T

Substitution of Equation (8B) into Equation (2B) results in
the matrix expression for the kinetic energy as

21 = pT(a~1)Ta-1p , (9B)
This expression can be expanded in terms of its component

matrices,

YA r
o

vrem [ 2T R
2T = (RTrT)( T ) (2 ZO)( . (10B)
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- —

27 = (RTzT4rT2]) (zRez 1) | (11B)
21 = RT27z8 + RT2T2 ¢ + 1TZIZR + + 2,25 (12B)
Since r is a zero matrix, r is also and therefore the last
three terms in Equation (12B) are zero and the desired reduc-
tion to 3N-6 order matrices has been completed., The result-
ant matrix expression for T 1s
2T = RTzTzR (13B)
where the product matrix Z'Z has dimension 3N=6, The Z matrix
can be expressed in more convenient terms by noting that it
occurs in the inverse of d
D Dz D3,
aq-1 s( ) (2 z,) = ( ° ) = E(3NX3N) (14B)
Do DoZ DoZg .
where E is the 3NX3N unit matrix. PFrom this expression if
follows that

DZ = E(3N-6X3N=6) (15B)
A second expression which is useful is
1 D
44 = (2 Zo)( ) = E(3NX3N) (16B)
D, :
or
(2D+Z24D,) = E(3NX3N) (17B)

If the transpose of Equation (17B) is taken, there results a
matrix expression

(DTz%+D32I) = E(3MX3N) (18B)
When this equation 1s left multiplied by the matrix D and
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right multiplied by the matrix Z, there results a dimension
reduction, :
ppTzTZ + DDIzlZ = DZ = E(3N-6X 3N-6) (19B)
Since the internal coordinates are orthogonal to the over-all
translational and rotational coordinates, it follows that D
and D, are orthogonal matrices and therefore it follows that
DD, = 0 (20B)
where 0 is the zero matrix. This eliminates the second term
in Equation (19B) and produces the matrix expressions
ppTzTz = E (21B)
. zTz = (ppT)-1 , (22B)
When this last expression 1s substituted into matrix Equa-
tion (13B), the kinetic energy can be rewritten in more
convenient terms,
2T = RT(DDT)"1R | ~ (23B)
Comparing this result with the original matrix expression
(1B) for the kinetic energy of vibration, it follows that
¢-1 = (ppT)-1 (24B)
G = ppT (25B)
where it 1s observed that the G matrix i1s simply related to

or

the transformation matrix D between the mass weighted carte-

silan displacement coordinates and the internal coordinates,
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APPENDIX C: NORMAL COORDINATES

In order to study molecular vibrations by means of a
quantum mechanical treatment, it 1s necessary to simpiify the
mathematics involved and introduce a new set of coordinates,
Qs k = 1, 2---3N, called normal coordinates. There 1is one
normal coordinate assocliated with each normal mode of motion.
The normal coordinates are linear combinationsg of the mass
welghted cartesian displacement coordinates

Q=4'q (10)
where Q = col(Qy), q = col(qy) and £4' is the transformation
matrix. The transformation matrix £' is chosen such that the
potential and kinetic energies of vibration contain no cross

products when they are expressed in terms of the normal coor-

dinates, N
2T = Z let (2C)
k=1 .
Z Ay (3¢)
Kol k*k

Using these normal coordinates and eliminating those involving
translation and rotation, the Schrodinger wave equation for
the molecular vibrations of a nonlinear polyatomic molecule
can be written (60) as

IN-6 IN-6
(-n2/2 2 32/3Q% + 1/2 Z >‘1Q1)‘1’T = EY, (4C)
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The wavefunction of the complete systen, qu is considered
separable into individual wavefunctions, each involving the

various normal coordinates.

Yo = Y1(@)) Wal@2): Y3(ag)-=--Psy_g(Qgy ) (50)
When this 1s done, it can be seen that the system wave equa-
tion (4C) is satisfied if the functions Y (Q) satisfy similar

wave equations of the type
. o,
(-12/2 a2/aQ€ + 1/2M,Q0) Pp (Q) = By Py (Qy) (6C)
where Ei 1s the energy assocliated with s, (Q,) and k =1, 2,

3---3N-6. The system energy, Ep, can then be expressed as a

sum of these individual energlies.
3IN-6
Ep = 2 Ey (7¢C)
k=1

Each of the values of the energies Ey, assoclated with a
particular normal coordinate q;k(Qk). has related to it a
quantum number, vy, and a vibrational frequency, V), such’
that

Eg = (v + 1/2)hvuy
This frequency Uy 1s known as the normal vibrational fre-

'quency.
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APPENDIX D: USE OF SYMMETRY COORDINATES IN FACTORING
G AND F MATRICES

The potential (V) and kinetic (T) energies of vibration,
expressed in terms of the internal coordinates, Ry, can be

written in matrix form as

2V = RIFR (1D)
27 = RTG-1r (2D)
R = 1Q (3D)

where Q represents the column vector of normal coordihétes.
Q. The internal symmetry coordinates, Sy, are related to
the internal coordinates, Rk, by an orthogonal linear trans-

formation matrix U.

S = UR (4D)

or
R = u~is (5D)

When this last expression is substituted into Equations (1D)

and (2D), there results the equations

2v = sT(y-1)Tpy-1s (éD)
21 = §T(u=1)Te-1y-1s (7D)
S =L'qQ (8D)
where L' = UL (9D)

Substitution of the values of S expressed in the matrix equa-
tion (8D) into Equations (6D) and (7D) results in the follow-

ing expressions
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2V = QT(L')T(uy-1)Try~1L1q (10D)

27 = QT(L')T(y-1)Te=1y=-111q (11D)

SincevU is an orthogonal matrix, UT = U=l and the last two
expressions can be rewritten in the form
2v = QT(L*)TuruTLq (12p)
27 = QT(L")Tue~luTL1q (13D)
According to the definition of the normal coordinate, no cross
products are to occur in the potential or kinetic energies
when expressed in terms of these coordinates. This defini-
tion, expressed in matrix form is
2V = QTA @ (14D)
21 = QTEQ (15D)
where A = diag(hnzzjﬁ) and E = i1dentity matrix. Comparing
these expressions with the Equations (12D) and (13D), it is
obvious that

A= (L") TuruT(Lr) | (16D)
E = (L") Tuc-luyT(L') (17D)
or (L)T = (L*)"Y uc-LyT]-1 (18D)

Upon substitution of this last expression into Equation (16D),
the following series of matrix equations is obtained

A= (L)-uc-wTIlypuT(Lr) (19D)

A= (x1)~t{ucu?J[uruTI(z) (20D)

or [ueuT][uruT)(L') = (LY)A (21D)
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Equation (21D) represents the characteristic equation of
vibration which has been factored to the maximum extent made

possible by the symmetry. It can also he expressed in the

form
(G'FY)L' = L'A (22D)
G' = ucy? (23D)
F' = yFUT (24D)

where G' and F' represent the symmetry factored kinetic

energy and potential energy matrices respectively.
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The following notation was used to describe the wvalues

of the unfactored kinetic energy matrix elements, 83 j» asso-

- clated with the M3Xjg molecule of Dy symmetry.

molecular parameters are represented as

My = 1/mass of metal atom

M

N O oW »

Z

= 1/mass of halogen atom

X(axial)-M-X(axial) angle

X(equat.)-M-X(equat.) angle

M-X(bridge)-M angle
1/d(M-X(axial))

1/d(M-X(bridge))

where d represents the various metal-halogen distances.

related identities were also employed

COSs

cos

sin

sin

D

= - T R = = A+ B

= 180° ~ C
1/2(180°-B+C)

D+ E
cos(A/2)cos(D/2)

= cos(180°-A/2)cos(B/2)
(l-coszH)%

(1-coszK)%

The eight

The
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16. Kinetic energy matrix elements of MaXjp

8ss
]
&ss
&tt
[ §
8tt
8rr
8ry
n

&ry

8vy

Eyy

8aw

| §
&uu

11}
Suu

(]

Hp + Mx
Kp® COSA
Hp ¥ Hx
py® COSB
Up + Mg
Hy+cosC

h_.cosD

m .
(x2+22) iy + (X2422-2XZ- coSE)Hy

((cosD-2cosE- cosF+cosB- cos2E)XZ +
2(cosF-cosD* coSE-cosB- cosE+cos2E-cosF)XZ +
(cosB—ZcosE-cosF+cosD-coszE)Zz)um/sian
~z2u_cosC

ZXZLLx + 2x2(1-cosB)um

(Y2+22) by + (Y2422-2YZ-cosH) by
(Iz(cosD-coszH)/sin?'H)ux + ((Y¥-2Z-cosH)Y(cosD-
cos?H)/sin?H + sinZH(l-((cosD-coszﬁ)/sinZH)z) +
cosD(cosD-cos2H)/s1n2H)22) by
((cosD-2c032H+cosAcoszH)Y2 + 2(cosH-cosD- cosH~
cosA - cosH+cos3H)YZ + (cosA-2cosH+cosD-cos2H)Z?)-
bp/sin%H

(z%(cosA-cos?H) /sin?H)u, + ((Z-2YcosH)Z(cosA-
cos®H)/sinH + (81n2H(1-((cosA-cos2H)/s1n%H)2) +
cosA(cosA-coszﬂ)/sinZH)Yz)um

-(sin2H+cos2H-cosC)Zzux
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Table 16, (Continued)

8uu = -(sin2H+coszﬁ‘cosC)Zzux )

gyv = (X24¥2)u + (X24Y2-2XY: cosK)by

v = (Yz(cosB-coszx)/sanK)uz + ((I-2X-cosK)Y(EbSB-
cos2K)/sin?K + (sin2K(1-((cosB-cos?K)/s1n2K)2) +
cosB(cosB-cos?K)/sin2K)X2 )k,

Uy = (Xz(cosa-coszK)/sinzK)u-x + ((X-2YcosK)X(cosA-

8vv
coszx)/sinzK + (sinZK(l-((cosA-coszK)/sinzK)z) +
cosA(cosA-coszK)/sinzK)Yz)u:m

g;; = ((cosA-ZcoszK+cosBcoszK)X2 + 2(cosK-cosA-cosK~-cosB:

cosK+cosBK)XY + (cosB—20052K+cosA-cOSZK)YZ)“m/sinZK

&g = szux + sz(l-cosB)um

8gt = MpcosK

8gy = umcosH

8sy = =ZHpsinH

gau = -(2-s1inH(cosA-cos2H)/sinH + YsinA(cosH-cosA-

cosH)/sinA:sinH) ¥,

Bsy = -XumsinK

gév =-(X-sinK(cosA-coszx)/sinzK + Y- sinA(cosK-cosA-
cosK)/sinA: sinK) by

8gy =-(X:sinK(cosK-cosK-cosB)/sinK:sinB + XsinK(cosK-
cosK-cosB)/sinK-sinB)H,

8ty = umcosE

gér = W cosF

g¢ v = -2 H-msinE
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Table 16. (Continued)

8t‘Y

Eta
&tu

1
8tu

&rvy

&rvy

Ery

= -(X*sinB(cosF-cosB-cosE)/ginB-sinE +
Z+sinF(cosB-cosF-cosE)/sinF-sinE)uy
= —XkySinB
=-(Y-sinK(cosE-cosK‘cosH)/sinK-sinH +
Z'slnE(cosK-cosE~cosH)/sinE-sin}f)um
=~(Y- sinK(cosF-cosK- cosH)/sinK-sinH +
Z-sinF(cosK-cosF:cosH)/sinF-sinH)ky
= =Xk SinE
= «(X*sinF(cosD-cosF+cosE)/sinF+sinE +
Z-sinD(cosF-cosD:cosE)/sinD-sinE)H
= «ZiySinE
=-(X-8sinE(cosF-cosB‘cosE)/sinB-sinE +
X+ 8inF(cosE-cosF:cosB)/sinF:sinB)Hy

-Yuy8inH

= ~(YsinH(cosD-cos?H)/sin2H + Z-:sinD(cosH-cosD-
cosH)/sinD*sinH) by

= Z¥ysinC:cosH

(Z2(cosK-cosE* cosH)/sinE+sinH) by + ((2-X:cosE-Y:cosH)zZ "

(cosK-cosE ‘cosH)/sinE+-sinH + (sinE-sinH(l-((cosK-cosE:
cosH)/sinE+sinK)?) + cosK(cosK-cosE-cosH)/sinE-sinH)-
XY)B,

= ((cosD-coszH-cosE-cosF+cosE'cosH~cosK)XI +
(cosH-cosD’cosH-co8E *cosK+cosE+-cosF-cosH)XZ +

(cosF-cosH *cosK-cosD coSE + cosE~coszn)IZ +
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16. (Continued)

guv

A

Siv

80y

(cosK-cosF* cosH-cosE:cosH + cosD-cosE-cosH)z?2)-
bp/(SANE-sinH)

Zzuxcosc-cosH
((cosE+cosP-cosB:cosP-coSB*cosE-2cosHcosK+2cosB:cosH*
cosK)XY + (2cosK-2cosB*cosK-cosF:cosH=-cosE -cosH+cosB-
cosEcosH+cosB cosF *cosH)XZ) K, /(sinB-sinH)
(Yz(cosF-cosK°cosH)/sinK‘sinH)ux + ((Y-X*cosK-Z-cosH)Y*
(cosF-cosK-cosH)/sinK*sinH+(sinK*sinH(1l-((cosF-cosK*
cosH)/sinK*sinH)2) + cosF(cosF-cosK:cosH)/sinK+sinH)
X2Z) by

(Yz(cosE-cosK'cosH)/sinK'sinH)u-x + ((Y-X+cosK-Z-cosH)Y"
(cosE-cosK-cosH)/sinK-sinH + (sinK-.sinH(1l-((cosE-cosK*
cosH)/sinK: sinH)2) + cosE(cosE-cosK-cosH)/sinK-sinH)-
XZ)Hp

((cosH-cosF+ cosK-cosA - cosH+cosH+cos2K )XY + (cosF-2cosH:
cosK+cosA-cosH.-cosK)I2 + (cosA-coszx-cosZH+cosF-cosH-
cosK)XZ + (cosK-cosA°cosK-cosH~cosF+c032H-cosK)IZ)um/
(sinH-sinkK)

((cosH-cosE - cosK-cosA* cosH+cosH-cosZK)XY +

(cosE -2cosH*cosK+cosA- cosH-cosK)Y? + (cosA-

cos2K - cos?H + cosE*cosH*cosK)XZ + (cosA-cosA-cosK-

cosE« cosH+cos2HcosK)YZ) by/(8inH s1nK)
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APPENDIX F: VIBRATIONAL POTENTIAL ENERGY DISTRIBUTION

In order to establish the particular type or types of
internal symmetry coordinates (or internal coordinates) asso-
ciated with a fundamental vibrational frequency, it is neces-
sary to calculate a potentlial energy distribution. Morino
and Kuchitsu (99) have shown that a distribution of the
potential energies of the internal symmetry coordinates (or
internal coordinates) in the normal coordinates can servé as
a representative measure of the band assignments,

The vibrational potential energy, V, can be expressed in
terms of the internal symmetry coordinates in matrix form as

2v = sTp's (1F)
where S =1L'Q (2F)
The F' matrix represents the symmetry factored force constant
matrix and L' is the transformation matrix between the'hofmal
coordinates, Q,, and the internal symmetry coordinates, Sne
These two relationships can be combined and used to express
the potential energy in terms of the normal coordinates.
2v = QT [ (") Tr (L] @ (3F)
Employing the definition of the normal coordinates, and
expanding Equation (3F), the potential energy of the whole
molecule for a given vibration assoclated with a single
normal coordinate, Q,, can be written as

2v(Qy) = Qz?x 2 2 Fj..jLinL;;n = Qﬁ)\n (4F)
1 3
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where A, = 4w2~v§. Since, in general, values of FijL;ann
are large when i1 = j, only the Fii(L{n)z terms are signifi-
cant. These diagonal Fii(L{n)z terms represent the potential
energy contributions to the ndrmal coordinate from the inter-
nal symmetry coordinates. The general equation (4F) can be
rewritten in another form which expresses the wvalues of the

potential energy distribution in more convenient terms.
? | 1
[ 2 % FiijLJn]/xn =1 (5F)

With this relationship, it can be seen that terms of the type
F{i(L;n)zhgl can be used to express the potentlal energy dis-
tribution on a percentage basis in a generalized valence
force field (Fy; = 0, 1 # J). When off-diagonal terms are
included in the force field, however, only relative values

of F{i(Lin)zx;l are meaningful.
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APPENDIX G: OBSERVED AND CALCUILATED INFRARED FREQUENCIES
OF MaXjyp

Values quoted are in units of wavenumbers (em.~1). The

calculated frequencies represent those obtained from the
"best set" of force constants. For purposes of calculation,
the frequency associated with the ljh(Blu) mode was chosen

to have a value of 0.0 cm.'l.



Table 17. Observed and calculated infrared frequencles (cm.=1)
Nb2Clio MozCly g TazClyg W2Clio RepClio
Asslgnment obs, calc. obs. calc. obs. calc. obs. calc. obs. calc.
Biu V1 L423 422 L12 Lk20 411 420 398 396 Loy Lo3
v2 171 175 172 175 164 164 166 164 168 170
V3 116 119 117 119 119 119 121 119 118 120
Vy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Bou V3 koo  L4o03 380 397 385 391 365 370 369 379
v 365 365 347 346 364 364 334 334 350 349
W 251 259 276 275 251 253 283 280 276 276
W 197 200 214 216 200 200 203 202 216 215
Yy 154 152 159 152 148 153 148 154 157 157
BBu 10 412 408 391 385 o2 400 379 369 393 381
v1; 223 222 238 241 225 219 247 247 255 255
2 142 135 143 142 138 133 141 140 148 142
13 73 75 75 76 71 72 72 72 83 83

AR



Table 17. (Continued)
NbaBryg TasBrj g WoBryg Tazlqyg
Assignment obs. calc. obs. calc. obs. calc. obs. calc.
By Vi 299 295 261 260 260 259 197 197
) 112 117 112 115 114 117 83 83
v 3 77 80 79 81 73 75 61 61
Vi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Boy Vg 263 283 244 2u6 244 25b4 176 191
vVé 219 218 217 217 212 212 155 154
vy 159 152 162 162 179 175 107 106
Vs 127 127 127 128 129 130 95 95
vg 105 97 102 99 103 97 7 70
B3u V10 283 282 251 249 253 247 . 186 187
V11 145 143 17 148 158 159 116 109
Vs 9% 91 9% 92 95 93 73 77
V13 63 63 63 63 63 63 b5 b5

8TT
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APPENDIX H: VIBRATIONAL POTENTIAL ENERGY DISTRIBUTIONS
IN M2Xj0

The relative values of F{l(Lin)zkﬁl are given in the
following tables for the dimeric pentahalides: NbzCljg,
NbzBryg. TapCljg., TazBrig, TazIjg, MopClige WpClig. WpBrig
and RepCljg. The infrared vibrational frequencies ( ¥ (calc.))
represent those generated by the "best set" of force constants
for that particular molecule. The symmetry coordinate

vh(Blu) has been purposely omitted since, by definition,

1t corresponds to a vibrational mode of zero frequency and

]
therefore F11 = 0.
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Table 18. Relative values of Fy,(L{ )%\l for niobium(V)

chloride

Symmetry coordinate

NbpCly0( T (cale.))

u

G & F K

Vo
11
n2
3

422

1.000

0.055
0.025

403

1.000
0.134
0.143

0.095
0.084

4o8

1.000
0.059
0.027
0.034

175

0.044 "

1.000
0.026

365

0.094
1.000
0.005
0.003
0.003

222

0.135
1.000
0.026
0.344

119

0.035
0.015
1.000

259

00389
0.005
1.000

0.255
0.176

135

0.014
0.053
1.000
0.001

200

0.012
0.000
0.409
1.000
0.031

75

0.000
0.298
0.029
1.000

152

0.005
0.000
0.081
0.134
1.000




Table 19. Relative values of Fi

bromide
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1(Lin)2k£1 for niobium(V)

Symmetry coordinate

szBrlo (7 (calc.))

u

V10
V11
V12
U13

295

1.000

0.193
0.082

283
1.000
0.123
0.596
0.366
0.453

282

1.000
0.255
0.138
0.332

117

0.159
1.000

0.019

218
0.033
1.000
0.011
0.006
0.007

143

0.820
1.000
0.028
0.879

80

0.088
0.000
1.000

152
1.000
0.002
0.916
0.046
0.128

91

0.039
0.145
1.000
0.002

127
0.108
0.001
0.351
1.000
0.128

63

0.000
0.730
0.120
1.000

97
0.005
0.000
0.159
0.388
1.000
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Table 20. Relative values of F{i(Lin)zxgl for tantalum(V)

chloride

Symmetry coordinate

TapClig (v (calc.))

u

u

Vio
Vi1

V13

L20

1.000
0.014
0.010

391

1.000
0.045
0.036
0.022
0.019

Loo

1.000
0.018
0.008
0.009

164

0.007
1.000

0.144

364

0.045
1.000
0.000
0.000
0.000

219

0.037
1.000
0.007
0.276

119
0.020

0.135
1.000

253

0.082
0.002
1.000
0.168
0.113

133

0.006
0.017
1.000
0.004

200

0.006
0.000
0.235
1.000
0.026

72

0.000
0.262
0.017
1.000

153

0.003
0.000
0.056
0.078
1.000
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Table 21. Relative values of F{l(Lin)zxgl for tantalum(V)

bromide .

Symmetry coordinate

TazBrlo ( v (08.10. ) )

V10
Vi1
Vi2
V13

260

1.000
0.087
0.042

246
1.000
0.147
0.323
0.146
0.186

249

1.000
0.132
0.056
0.137

115

0.065
1.000
0.036

217
0.073
1.000
0.012
0.005
0.006

148

0.351
1.000
0.024
0.689

81

0.059
0.016

1.000

162
0.535
0.003
1.000
0.051
0.125

92

0.023
0.093
1.000
0.001

128
0.062
0.000
0.214
1.000
0.175

63

0.000
0.524
0.093
1.000

99
0.004
0.000
0.113
0.354
1.000
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Table 22, Relative values of F{i(Lin)zxgl for tantalum(V)

lodide
Symmetry coordinate TagI1g { U (calc.))
197 83 61
vy 1.000 0.138 0.109
B1y vy 0.176 1.000 0,001
V3 0.103 0.022 1.000
191 154 106 95 70
Vg 0.548 0.096 0.285 1.000 0.019
Vg 0.130 1.000 0.059 0.035 0.000
Boy Vg 1.000 ~ 0.000 1.000 0.03% 0.103
Vs 0.426 0.012 0.493 0.813 0.202
Vg 0.401 0.007 0.010 0.075 1.000
187 109 77 Ls
Y10 0.861 0.844 0.152 0.004
V11 1.000 1.000 0.047 0.021
B
ou Vi,  0.272 0.027 1.000 0.041

Vi3 0.313 0.099 0.007 1.000
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Table 23. Relative values of F{i(Lin)zxﬁl for molybdenum(V)

chloride
Symmetry coordinate MoyClyg (T (calc.))
420 175 119
Biu Vo 0.051 1.000 0.027
V3 0.025 0.040 1.000
397 346 275 216 152
V5 1.000 0.057 0.468 0.045 0.008
Ve 0.09% 1.000 0.006 0.001 0.000
Bou U7 0.347 0.005 1.000 0.111 0.059
Ve 0.136 0.002 0.037 1.000 0.106
Vg 0.115 0.002 0.049 ° 0.048 1.000
385 - 241 142 76
Y10 1.000 0.164 0.019 0.001
Vi1 0.130 1.000 0.032 0.069
33‘1
Vi2 0.034 0.008 1.000 0.030

Y13 0.040 0.163 0.008 1.000
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Table 24. Relative values of Fii(Lin)zx;I for tungsten(V)

chloride

Symmetry coordinate

W2Clyo (v (calc.))

4

Y10
V11
Vi2
V13

396

1.000
0.015
0.011

370

1.000
0.002
0.123
0.030
0.031

369

1.000

- 0.050

0.011
0.012

164

0.006
1.000
0.202

334

0.010
1.000
0.019
0.001
0.001

247

0.063
1.000
0.002
0.132

119

0.026
0.191
1.000

280

0.155
0.035
1.000
0.019
0.038

140

0.008
0.008
1.000
0.007

202

0.017
0.000
0.044
1.000
0.065

72

0.000
0.079
0.015
1.000

154

0.000
0.036
0.094
1.000




Table 25,

Relative values

bromide
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of Fii(L{n)zx;l for tungsten(V)

Synmetry coordinate

szrlo ( v ( calc. ) )

2

V10
Vi1

V13

259

1.000
0.089

0.033

254

1.000
0.083
0.602
0.149
0.184

247

1.000
0.251
0.058
0.133

117

0.072
1.000
0.029

212

0.040
1.000
0.007
0.001
0.002

159

0.355
1.000
0.005
0.297

75

0.046
0.013
1.000

175

0.627
0.005
1.000
0.001
0.025

93

0.029
0.064
1.000
0.023

130

0.087
0.001
0.051
1.000
0.154

63

0.001
0.151
0.098
1.000

97

0.007
0.000
0.068
0.244
1.000




128

Table 26. Relative values of Fi4(Lin)2\nl for rhenium(V)

chloride

Symmetry coordinate

Re20110 (v(calc.))

4o3

1.000
0.016
0.012

379
1.000
0.027
0.085
0.035
0.027

381

1.000
0.044
0.011
0.019

170

0.007
1.000
0.163

349
0.025
1.000

0.000

0.000
0.000

255

0.081
1.000
0.006
0.248

120

0.024

0.153
1.000

276
0.13?
0.002
1.000
0.073
0.050

142

0.007
0.019
1.000
0.006

215
0.012
0.000
0.120
1.000
0.029

83

0.000

0.235

0.021
1.000

157
0.004
0.000
0.034
0.058
1.000
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