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The infrared and Raman spectra of the title compounds in the ca: BIDcnt?! region are reported. For the first

time, detailed assignments are given for all of the features in this region for the first series of compounds. An
attempt is made to extend to all of the modes the plastic cluster model of vibrational analysis, which is normally
applied only tov(M—M) vibrations. While mixing occurs betweer{Fe—Fe) andv(Fe—E), species containing

Te posed particular problems; the reasons for this are discussed and give new insights into the plastic cluster
model itself.

Introduction Fey(COXE: (E=S, Se, Te) show an apparent resonance Raman

Transition metal species containing sulfur ligands are of €ffect in their low-frequency spectra; although relative band
considerable current interest in fields as diverse as bioinorganicNténsities change with change in excitation wavelength, to date
chemistry, catalysis, and molecular electrodicgibrational no rationale has been suggestethese complexities are in
spectroscopy is a potentially valuable tool in all of these areas contrast to the relatively straightforward analysis suggested by
but suffers from the disadvantage that the relevant modes fall the literature, at least for th¢M—M) modes. It has been found
in relatively low frequency regions where many other modes that the »(M—M) regions of cluster species are usually
are also active. Although contemporary tabulations contain &XPlicable to a good first approximation by the Quicksall and
typical frequencies for M'S stretching modethese are not ~ SPIro model, an approach which has been termed "the plastic
usually sufficient to enable unambiguous interpretations, al- cluster model” (PCMJ. This is a remarkably simple analysis;
though significant insights have been gained. It seems to us't assumes that the stret_chlng of one metaktal bqnd has no
that there is a real need for analyses admitting of conclusions &/€ctronic effect on adjacent metahetal bonds: that the
of some reliability, for such analyses would be of value in the COTresponding interaction constants are negligibly small. Al
more difficult areas indicated above. In the present communica- ViPrational couplings between the motions of different metal
tion we give what we believe to be a reasonable interpretation 210Ms are G-matrix determined. That is, they are determined
of the low-frequency vibrational spectra of a set ob3 by the requirement that the motions included in the analysis,
molecules. Species based on gaMunit (M = transition metal; collectively, are free of any resultant _angular and Imt_aar
E = chalcogen) have posed a number of vibrational problems, Momentum. The PCM has many attractions. The G-matrices
not all of which have been solved, and exhibited interesting '€ 9eometry and mass determined; the only ambiguity arises
phenomena the understanding of which has proved importantlom the mass of the metal atoms: should the masi of groups
to an understanding of their vibrational characteristics. So, a N9idly attached to a metal atom be added to its mass? The usual
remarkable splitting and infrared/Raman exclusion in the low- &1SWEr1S no’, thergby, |nC|q§nte}IIy, av0|d.|ng uncertalnt_les n
frequency spectra of thea, species CECOYE, (E = S, Se) the pgrely geometric quantities |nvolvefj in the 'G-matrlx: it
was found to be the result of the intermolecular packing in the CONtains no parameters. The F-matrix contains only one
crystal and not intramolecular in origin, although this would Parameter (if all of the metal atoms are identical), leading to

be the most evident area of explanafidfhen, again, the species problems which are overdetermined. That reasonable results are
' ' obtained is therefore gratifyirfy.

lUniversity of East Anglia. In the present paper we investigate in some detail six iron
Universitadi Torino. complexes, FECOXE; (E; = S, Se, and Te) and Fg(CO)-
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Chart 1
E

ANy
SN, SN, A
\ E \/Fi‘ /

/\\‘
E

Ia:E=S Ha:E=S ,E'=Se
Ib:E=Se Ib:E=S,E'=Te
Ic:E=Te IIc:E=Se,E'=Te

L i 1 " 1 1 1

S 400 300 200 100
\ / \ / s\ o’
;Os\\ -"'OIS“L \%e C(/)_ Figure 1. Infrared (upper, polyethylene disk) and Raman (lower,
\/Os- p; \—\ / ; crystals) spectra of GECOXS, (la).
N s
S /
Ma:L=CO
b :L=CS v
Ilc : L = PPh;

contains the labels for those compounds that we will discuss in
the text, and L is defined. Of interest is the fact that these
molecules do not have a basic metallig, symmetry; the three
metal atoms are not at the corners of an equilateral triangle:
two of the metals are not bonded to each other, and so the
structure is butterfly-lik€. Many of these molecules also, of
course, contain an ERinit (where E can be identical to')g X . . ) )
and it is here that our present interest in the molecules originates. 400 300 200 100
Whereas the S atom is lighter than Fe, Se is heavier and Te cm’

much heavier. So, a problem which a study of these moleculesgigyre 2. See Figure 1; F£€COSe (Ib).

addresses is that of the extent to which it remains a valid

approximation to separate out thesfeotions from those of  and Cross, and, most important for us, both input and output are

the B in a relatively low symmetry environment. expressed in terms of symmetry coordinates. In the program, the
) ) geometry of the molecule is expressed in terms of the Cartesian
Experimental Section coordinates, the axis being taken as coincident with the principal

The compoundsa, Ib, Ic. lla, Iib, lic .° and IV 2° were prepared molecular rotational axis. Symmetry was introduced in the definition

according to literature methods. The Os complexes were kindly supplied of the_ U-matrix (symmetry coordinates expressed in term of_interngl

by Prof. B. F. G. Johnson (University of Cambridge). coordlnfates). The eigenvalues of the output enable comparison with
The mid-infrared spectra were recorded as KBr pellets on a FTIR (€ assignments made below.

Bruker Equinox 55 spectrophotometer; the far-IR spectra were recorded

as PET pellets on an IFS 113 FTIR Bruker spectrophotometer.

Thhe Sampl'es for the R?ma” Spe”C”a Weée prepared bhy sealing crystals  The infrared and Raman spectra of the title compounds in
of the complexes in a glass capillary under argon. The spectra were e frequenc 1 i in Ei

i ; y range 460L20 cnt! are given in Figures 14),
recorded by a Bruker RFS 100 with KdYAG laser and Ge-diode 2 (Ib), and 3 (c) and in figures reported in the Supporting

detector (laser power 20100 mW, resolution 4 crt). Because the . .
photodecomposition of the samples under the laser light is a real risk, Information for the complexeléa —c. The region above ca. 350

a standard procedure for running the Raman spectra has been adopte™ * Up to about 600 cm' (not reported in the figures) is

It consists of recording several scan packets (say, 10) of several scan€ssentially the same for all. There is the same pattern of infrared-

each (say, 50). The spectra of each packet were compared: theiractive bands at nearly the same frequencies for all of the species,

common pattern excludes any decomposition of the sample. but the Raman is weak or silent, except for features assigned
The force fields of the REE systems E, E= S, Se, Te were studied  asv(Fe—S) (see below). The infrared peaks are clearly CO in

by use of the CLIMAX' program, one that allows rapid iterative  origin and significantly show no sensitivity to the nature of the

calculations. The program employs the methodology of Wilson, Decius, E groups. As our interest in the present work concerns the

(7) Dahl, L. F.. Sutton, P. WL Chem1963 2, 1067. Wel. C. H interaction between the E- and#&erived modes, we shall not
anl, L. F.; sutton, P. norg. em. s . e, C. H.; H
Dahl, L. F.Inorg. Chem.1965 4, 493. concern oursglves. further V\{Ith these carbonyl features. '
(8) Hieber, W.; Gruber, Z. Anorg. Allg. Chem1958 296, 91. Hieber, It is convenient first to review the spectra of another species,
W.; Beck, W.Z. Anorg. Allg. Chem196Q 305 265. the complexIV, with a local Cs symmetry of the core. In

(9) Rossetti, R.; Cetini, G.; Gambino, O.; Stanghellini, PALti Accad. ; ;
Sci. Torino1969 104, 127. Rossetti, R.; Stanghellini, P. L.; Gambino, contrast to the above complexes, it has a single E group, a

O.; Cetini, G.Inorg. Chim. Actal972 6, 205.
(10) Khattab, S. A.; Marko, L.; Bor, G.; Marko B. Organomet. Chem. (11) Kearley G. JJ. Chem. Soc., Faraday Trans.1®86 8, 41; Nucl.
1964,1, 373. Instrum. Methods Phys. Res995 A345 53.
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is no evident infrared activity associated with the strong Raman
feature (the band at 380 crhevident in Figure 1 is a CO
feature), although there is a weak Raman counterpart of the
strong infrared. The 36 cm separation between symmetric and
antisymmetric combinations shows that coupling occurs between
the Fe-S stretching motions of the two S atoms in this molecule.
With the v(Fe—S) pattern established fda, the v(Fe—Se)
for Ib and thev(Fe—Te) forlc become reasonably clear (Table
2). Further clarity is shown by the mixed chalcogenide species.
So, we can assign the coincident infrared and Raman peaks at
370 cnttin the spectra ofia to v(Fe—S), as it lies at essentially
the arithmetic mean frequency of the two peakddolLikewise,
in llb v(Fe—S) is at 367 cm!. A Raman peak at 265 cmin
45 . 360 . 2(']0 . 1(')0 lla lies at the mean of the two F&e features in the Se
. compound; inllc there is a corresponding peak at 265¢ém
Their assignment to(Fe—Se) seems reasonable. Essentially the
Figure 3. See Figure 1; F£CO)Te; (Ic). same pattern holds for the Te compounds, although the
interleaving—and, as will be seen, mixirgwith Fe—Fe modes
are problems. In the spectra & there is a Raman peak
v(Fe—Te) at 238 cm?, which has counterparts at 235 and 227
cmin llb andllc, respectively. If the B mode forlc is
assigned to that at 229 crh(infrared), then the mean of the
two v(Fe—Te) peaks in this compound is 233 thiclose to
the v(Fe—Te) frequency observed itlb and llc, so the
assignment to the twe(Fe—Te) seems clear. In general, then,
it is possible to assign the/(Fe—E) modes, with some
considerable confidence (Table 3), at least to a first, rather good,
approximation.
(b) The (Fes—E) Deformation Modes. We start with the
assignment of the four (ge S) deformation modes ila, where
\ ) . ) ) ) . ) the sulfurs move over the Fé&iangle. A comparison with the

cm

400 300 200 100 spectra of another compound which is not featured in our initial
em’ list, llla ,12 proves very usefulla andllla are isostructural:
Figure 4. See Figure 1; Cée (CO)S (V). so, the different mass of the Os compared to Fe means that the

modes involving the metal cluster are moved to lower frequen-
cies, but the (M—S) deformation modes are expected to have
very similar frequencies. In fact, the two spectra are very similar

Table 1. Band Assignments for GBeS(COj (V) (Idealized
SymmetryCs) in the Low-Frequency Region

type of frequency (cf. Figure 1 and Figure 5). Additionally, the shift of the metal

vibration symmetry R IR cluster modes fotlla to lower frequencies allows the spectra
y(M—S) A 395 m 394 m of the Os compound to reveal all of the peaks belonging to the
0(CoFe-S) A’ 356 w four metat-sulfur deformation modes. Clearly, the deformation
6(CoFe—S) A 321m motions of the sulfur atoms are both highly anisotropic and
v(M—M) A:, 205s highly coupled: the spectral pattern seems that of a pair of
v(M—M) A 170's pairst®

. . . In any of the E compounds the four deformation motions
unique S atom, and, consequently, very simple spectra (Figure.

. - involving the E atoms will fall into two pairs; one pair will be
.4 and Table 1). The Importance of the data for this com_pc_)und symmetric and the other antisymmetric with respect to reflection
is that they serve to define, at least for complexes containing a

S . . in the plane of the metal triangle. That is, the pairs are A
bridging S atom, the spectral regions of the most important . : : . - : o
vibrational modes. At first sight, thé(M3;—S) modes show Bo) and (A + Ba); we associate this pair of pairs with the "pair

remarkably high frequencies (at ca. 34850 cnrl), but, as of pairs” pattern seen in the spectra. It should be possible to

will become evident, this pattern is common throughout the determine which pair is which because the hode has no
. S P roug - infrared activity. The spectra dfla provide this information
species that we discuss. The metal core stretching modes give
rise to MO strong Raman bands at 2057é_r(t0ta”y Sy_mmemc (12) We have also recorded the infrared and Raman spectra of two other
stretching) and at 170 cmh (asymmetric stretching). The 0sS, complexesl{lb andllic ). Their molecular symmetry is lowered
allocation of these spectral regions leads us smoothly to to Cs because of the CO substitution, but this is without evident effect

assignments for all of theFand E,E species on the spectral region under study, and @gidealized symmetry of
2_ ! ’ the cores determines the spectra. The spectral patterns observed are
(@) The (Fe—E) Stretching Modes. The absence of any essentially identical to those of the parent compiéx (see Table

bands in thdb spectra above 275 crhsuggests that all bands 1). All of the comments we make relevant to the spectra of the complex

. . : : llla can be extended to, and supported by, the vibrational character-
in the ca. 100 cm! region above this and which occur only for istics of complexedilb andlllc .

S-containing compounds are+8 in origin, just as the absence  (13) The spectra div show that there is an anisotropy of motion of the S

of bands in thelc spectra above 238 crh points to those on the surface of the M triangle but, because the splitting is so much

features which are Se-associatérd The 386 cm! strong smaller when there is only one S atom in a molecule, the major origin
. . . of the frequency splitting of the deformation modedammust lie in

Raman band in thea spectrum is/(Fe—S),m and the medium a coupling between the motion of the sulfurs on opposite faces of the

band at 350 cmt in the infrared isv(Fe—S)sym Of these, there metal triangle.
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Table 2. Band Assignments for ME, Species (Idealized Symmet@,) in the Low-Frequency Region

type of la Ib Ic Illa b Illc
vibration  symmetry R IR R IR R IR R IR R IR R IR
V(M —E)sym Ay 386 s 275s 238s 380 m 380w 382m 380w 380m 380w
V(M —E)asym B: 350w 350m 250w 250 mw 229m 364w 360mw 355w 355w 360w 360w
0(M3—E) Az 340m 236 m 172 mw 350 w 345w 345w 345 vw
0(M3—E) B 298m 298w 230m 230w 156mw 156s 340w 340w 338m 340w 340vw
0(M3—E) B 251mw 250m 190w 189w 212m 212m 274w 280w 275w 275w 280 vw
0(M3—E) Ar 216's ca. 218 206m 204m 240mw 240w  238m 240vw 235w  235vw
w br
v(M—M) A 216's ca.218 230m 198 ms 170s 170s 165s 170 w
w br
(M—M) B, 192 m 195m 190w 189w 156s 145msh 145ms ca. 140 145w ca.145 150m
w sh w sh
v(M---M) A 168m ca. 165 172m 170ms ca. 110 ca. 100 ca. 100
w br vs br vs br vs br
Table 3. Band Assignments for BEE Species (Idealized Symmet() in the Low-Frequency Region
type of lla IIb lic
vibratior? symmetry R IR R IR R IR
v(Fe—E)sym A’ 370s ca. 370 w 367 m 366 w 265s ca. 260 vw
v(Fe—E")asym A’ 265 vs ca. 260 w br 235vs 227s ca. 230 vw
o(F&—E) A" 284 mw 282 mw 282w ca. 220 w sh 218w
o(Fe—E) A 250 m 266 m
o(Fe&—FE') A" 182 m 183 m ca. 175 msh 173 w
o(Fe—FE) A’ 166 s 166 w
v(Fe—Fe) A 208 m 216 m 211s
v(Fe—Fe) A’ 191s 193 mw ca. 190 vw 180 m
v(Fe--Fe) A 166 s 166 w 163 m 164 w

alla: E=S,E=Se.llb: E=S,E =Te.llc: E= Se, E=Te.

e N
1

300

S

400

AN
" 1
200

100
cm’

Figure 5. See Figure 1; Q§COXS; (llla).

concluded that in the EEEompounds the frequency sequence
is A" > A’ for each of thed(Fe—E) andd(Fe—E') modes.

A complicating feature, particularly for the species containing
Te, is the proximity ofv(Fe—Fe) features to the chalcogenide
deformation modes and with which mixing involving; And
B, deformation modes can occur: we shall return later to this
point.

(c) The (Fe—Fe) Stretching Modes.The assignment of the
v(Fe—Fe) features iha is straightforward. The totally symmetric
mode is at 216 cmt (Raman strong, infrared weak), and the
antisymmetric at 192 cm (Raman weak, infrared medium),
the infrared and Raman coinciding in both cases. From the
antisymmetric mode it is clear that the individugFe—Fe)
vectors have significant dipolar activity, and so it is reasonable
to attribute the infrared intensity at 216 chto this activity.

Turning to the other compounds, we search for the presence
of thesev(Fe—Fe) modes. They are presentlibh (at 216 and

since of the four peaks in the Raman only three are seen in thel93 cnm?) and, probably, iric (at 198 and 156 crt). For the

infrared; the A is the highest frequency mode. It follows that
the most probable frequency order is A B; > B, > A;
(although the Band A could be reversed). On this basis, the
assignment fota of the two Raman peaks at 340 fand 298
cmt (By) as members of the first set of deformations is clear.
For the second set, one member is the 251 cpeak and we
have little doubt that the other is contained within the strong
216 cnt! peak. Averaging all of the deformation frequencies
we obtain a value of 276 cm. In llb, peaks which can only
be 6(Fe;—S) occur at 282 and 266 cri an average of 274
cm L. The coincidence of these averages is surely significant.
In lla, oned(Fe—S) peak is at 284 cnt and the other surely
within the medium 250 cm' feature, an average of ap-
proximately 267 cml, very close to that previously found. The
conclusion is detailed in Tables 2 and 3. It is to be expected
that the above frequency sequence holds, mutatis mutandis, fo
all of the species considered in this paper. Given it, it is

Se-containing species the nearest assignments (all Raman-based)
that one could make atéa (208 cnr! and 191 cml, but with

an inverted Raman intensity pattertp,(230 cnt?, 190 cnrl),

and llc (211 cnt?l, 180 cntl). Only the latter follows the
expected pattern, but even here, there is a problem in that the
lower frequency band is much weaker than the corresponding
feature inla. Our general conclusion is that there is mixing
between the/(Fe—Fe) andv(Fe—Se) modes. This is expected

to be greatest for the case of=E Se (where the two sets of
modes fall in the same frequency range) but less for 5
(where the deformations are largely at a higher frequency) and
E = Te (where the deformations are at a lower frequency). There
is a different line of argument leading to the same conclusion.
Consider the position of the strongest Raman-active mode in
this frequency region. This is at 216 ciin la, at 191 cnr!

fin lla, and at 172 cmtin Ib. The arithmetic mean of 216 and
172 cnrtis 194 cntl; that is, the Raman intensity (which the
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spectrum ofla shows is largelyv(Fe—Fe) in origin) moves
approximately linearly with the Se content of the species,

Kettle et al.

case a counterpart will be evident. Indeed, there is a fairly strong
low-frequency peak in the Raman of this compound which

although there is no reason to expect that the frequency of thepresumably is this counterpart. This assignment must be

v(Fe—Fe) mode will vary in this way. The unavoidable
conclusion is that there is extensive mixing betweffe—Se)
andv(Fe—Fe).

(d) The Mixed Modes. The mixing of the modes, as
illustrated above, is largely present in the Te-containing
complexes. The deformation modes lof seem to follow a
pattern different from that previously described. Assigning them
to features which are relatively weak in the Raman (strong
Raman bands normally being associated with-WI modes),
then we consider those at 212, 206, and 172 %cr®df these,
only the latter is without infrared counterpart and so must be
assigned to the A mode. This is an entirely reasonable
frequency: the same mode ftar has frequency 340 cm and
for Ib 235 cnTl. Presumably its Bcounterpart is located at
ca. 156 cm. If this analysis is correct, it leads to an inescapable
conclusion: that forlc the Ay and B deformations are at a
higher frequency than the Aand the B. Further, they are at

expected to contribute to the spectra of all of the species under
discussion. However, for most of the other species the fact that
this mode is of A symmetry will mean that it may be influenced
by the couplings involving this symmetry which have been
discussed above.

Discussion

The above assignments provide a rather complete qualitative
understanding of the low-frequency spectra of the title com-
pounds. Is it possible to obtain at least an approximate
quantitative interpretation which enables the understanding of
the spectra of those species in which mixing occurs? The
frequent and successful use of linear interpolations gives hope
that the answer is in the affirmative.

(a) The Plastic Cluster Model. We have first applied the
PCM to the problem. The main problem to be addressed is the
way that the E atoms are treated. According to the general tenet

higher frequencies than are the bands of the same symmetriesf the PCM, they have been treated in a manner almost

assigned to(Fe—Fe) modes. Two comments are immediately
relevant. First, the assignment ofFe—Fe) modes inlc was

equivalent to the way that the metal atoms are covered: thatis,
we use a correct G-matrix but an approximate F. As evident

based on Raman band intensities and so may be questionablerom the above discussion, twgqFe—Fe) force constants are

Second, the frequencies just assigned to thamd B d(Fe;—
Te) modes are quite close to those of theaid B v(Fe—Fe)
modes ofla; those features assigned to the @nd B, v(Fe—
Fe) modes of the ecompound are at significantly lower

needed, including one associated with the two nonbonded metal
atoms. For the Ecomplexes, G-matrix coupling alone will not
give the observed large interaction between the deformation
modes. We have therefore made a systematic study of the effect

frequencies. The conclusion is the presence of an extensiveof the introduction of different relevant coupling constants; a

mixing betweend(Fe;—Te) andv(Fe—Fe) so that any unique

coupling betweemw(Fe—E) on either side of the metal triangle,

assignment to either one or the other is somewhat arbitrary. Ina coupling between(Fe—E) on the same side of the metal
this case, it is not reasonable to expect that either the frequencytriangle, and finally, a coupling betweeriFe—E) andv(Fe—
or intensity patterns set by other members of the series underFe). In these analyses, the &pecies behave differently from

consideration in this paper will be followed. That this conclusion
is basically correct is supported by the communality of the
NCA’s which we have carried out and in which the above
frequency pattern for thed(Fe;—Te)” and “v(Fe—Fe)” modes

the EE. For the former, the only interaction constant with a
nonzero value is that betwee(Fe—E) andv(Fe—Fe), whereas

for the latter the nonzero constant is that between the two
v(Fe—E) with the same E atom. All of the others, in particular

is well reproduced. Further evidence supporting this general the cross-metal-trianghgFe—E)—v(Fe—E) coupling constants,

conclusion is provided by the spectralltf andlc in this region,

are negligible. Moreover, the EEomplexes require, of course,

where, as has been noted above, only the latter shows artwo different iron-chalcogen stretching force constants. The

assignment/intensity problem. Recall that in thespecies there

is a strong cross-keplane coupling of the motions of the E
atoms which leads to a much larger splitting of the deformation
modes than in the EEompounds. So, although o the highest
frequency deformations fall very close to th@e—Fe), in the
TeE they do not. That is, if significant coupling occurs between
v(Fe—Fe) andd(Fe;Te) inlc, it will not in the TeE. It is then

interested reader can find the detailed calculation in the
Supporting Information.

This extension of the PCM includes therefore a maximum
of six unknowns. Because there are at least seven or eight
observed frequencies for all of the molecules, the problems are
all overdetermined* This model, in which no account was taken
of the CO groups, gives rise to reasonable frequency fits which

understandable that the observed assignment/intensity anomaliesonformed to our assignments fta, Ib, andlla. However,

should occur only for the former.
(e) The (Fe--Fe) Stretching Mode. In that it has in large

for the other complexes the agreement between the calculation
and our assignments was quite poor. As any other reasonable

measure been accounted for in the above discussion, it is helpfulset of force and interaction constants produces similar results

to return to the spectrum @d, that shown in Figure 1. In fact,
only one peak remains unassigned, that at 168dfiRaman;
165 cntt infrared). It cannot, directly at least, involve the S

and as we have considerable faith in our assignments, we
discarded this model and undertook a search for a model which
gives acceptable fits for all of the species studied.

atoms because all of the modes of these have been accounted (P) The Heavy Atom Model. We proceed using the recogni-
for. It cannot involve the COs because the feature is too variabletion that it is the heaviest of the chalcogenides which gives the
in the spectra of the other species. There seems to be only onévorst fit in the above analysis. In such a case one would

possible assignment toigFe--Fe) between the two formally

normally consider other heavy atoms in the system and the way

nonbonded iron atoms. We recall that, had the system been thathat they have been treated. In fact, such heavy units are the
of an equilateral triangle of metal atoms, then there would have F€(CO} groups, whose mass of ca. 140 can be compared with

been three/(Fe—Fe) modes to consider, and, so far, we have
met only two. The third, if it is apparent, will surely be at a

lower frequency as, indeed, is the mode under consideration. If

this assignment is correct, we must expect that in theSOs

(14) In this, as in all of the calculations that are presented in this paper,
we have required that the system be overdetermined; that is, the
number of experimental data should exceed the number of force and
interaction constants.
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the mass of Te of ca. 127. In the PCM all carbonyl groups are
ignored; they merely ride on the motion of the metals. Of course,

it is the mass of the bare metal that is used in the G-matrix, but
this difference with the real mass must surely be compensated
by the force constant values that result. In our systems the real
masses are used for the chalcogenides but unreal masses are
used for the metals. As seen above, it seems that this problem
is minimal until the mass of one of the atoms in the system
approximates that of the real mass of a group which has been
given an unreal mass.

If this is the origin of the difficulty with the Te system, the
way forward is obvious: the mass of the Fe(@@oup should a b
be used in place of that of the Fe. Unfortunately, placing this Figure 6. Force and (shown in the diagrams) interaction constants
mass in the most obvious position, at the center of mass of theiNvolving the added atoms used for the systemgG®XE: (a) and
Fe(CO) group, removes from the PCM the simplicity, which Fe;(COXEE (b) in the center of gravity model (CGM) (see also Table
is one of its attractions. However, we studied this alternative,
the so-called HAM, the “heavy” atom model. While it is possible Table 4. Values of the Stretching (mdynA) and of the Bending
to obtain good fits for all of the species using this model, we (mdyn A* rad?) Force Constants and of the Stretching/Stretching
have been unable to find a unique force field which both gives (n;?])c/jri]néi(l%%dsytr:e,g:lh:gg{%el?gggc(t?;ﬂygJﬁgéﬁtnsdg:jgglgt%/d o the
acceptable frequency fits and agreement with our assignment . .
for aﬁ) of the s%eciesY The spec?es with heavy chalcog:?enides,SISaSIS of the Center-of-Gravity Model (CGM)

again, produces the greatest problems. Nonetheless, we believdorce constaiit la  1b lc  lla b lic 1l
that this model could be developed to be of value in the future, f, 25 29 32 23 23 22 25
in the resolution of problems resulting from the low-frequency f.’ 30 35 35
vibrations of the carbonyl groups (vide infra). Details of this tV, 8-23 8-28 g-irl) 00-65 00-68 0 0-630 714-{3
model are given in the Supporting Information. f; 57 24 34 15 12 14 36
(c) The Center-of-Gravity Model. The best fit has been fs' 1.7 13 18
obtained by another model, which we call CGM, the center- i 033 065 10 b b b 0.26
of-gravity model. In this model, the carbonyl groups are ) b b b 00 b ~0220b
combined together and placed as a single pseudoatom ap- ]I 11 070 22 E 2'30 '% EO 81
proximately at the center of gravity of the molecule (actually, I ' ' ™ b b b

on the E-E' axis and in the plane defined by the three metal _ . ,
atoms). This is the place where, rather accurately, their combined _° Strétching force constant, (E=G), f, (E'—G), k, (Fe~Fe), k,

. . . (Fe--Fe). Bending force constanf; (Fes—E), fs' (Fes—FE'). Coupling
center of mass falls. This pseL_Jdoatom is th_en treated in exactly . ctant: i (E-G)E—G), | (E-G)(Fe—E), |’ (E—G)Fe—F), |
the same way as a real atom in order that it perturb the system(re,—)(Fe—E), I (Fes—E')(Fes—E'). ® These constants have been set
appropriately. In this way it is possible to include the bulk equal to zero, because preliminary calculations indicate that they have
translatory motions of the carbonyl ligands (spanningtAB; very small values.
+ B,) while retaining metal-only masses for the metal atoms. Table 5. Mean Frequency-Weighted Erraisetween the
With this development, it Seems likely that the metaetal Experimental Frequency Values and the Values Calculated by the
force constants that result will be more meaningful than those piferent Vibrational Models
derived from the simple PCM. Noteworthy is the absence of
A, from the above list; this means that the assignment of this ___c0MPIex PCM HAM CGM
deformation mode assumes the role of a marker: interactions la 3.9 13 0.5

with the center-of-gravity atom can move the other deformation Ic 11% 171-% 3515
frequencies, but not thI-S on.e. lla 6.2 76 05

As far as the force field is concerned, the CGM has to be Ib 9.3 15.6 5.8
handled rather differently from the other two models. Again, lic 8.1 101 2.4
there are two/(Fe—Fe) force constants, but now the stretching Iita 9.0 9.0 18

motion _of the E atoms is represented as a stretch from_ the center aThe error is given by (M)3"_,|[vex(M — veadM)]/vex(m)|100.
of gravity atom, denoted G and henegE—G), along with an
interaction between these two modes, one on either side of the
metal triangle. The(E—G) motion does not cover any sideways
motion of the E atom, and so it is necessary to introduce a S )
deformation force constad{Fe;—E). In order to introduce the An indication of the relative success of the CGM can be
possibility of further asymmetry into the motion (one is already 9ained by comparing the errors associated with the best fits to
implicit in the G-matrix), we have included an interaction all of the species under study with the different vibrational
constant between th§Fe;—E). A total of six unknowns results ~ models (Table 5). Given the simplicity of the CGM, the fits,
for both the & and EE systems, again overdetermined problems. overall, are quite acceptable. The species which give the worst
The above description is diagrammatically given in Figure 6. fits are, first,llb, the species in which the mass imbalances are
In order that the two models which seek to account for the greatest and in which the models which we have introduced to
presence of the CO groups may be compared directly, they compensate for the mass of the CO groups would be expected
should contain the same number of unknowns; this requirementto perform at their worst. The frequencies which are badly
is satisfied by the HAM and CGM. calculated are those involving motion of S and Te against the
The results from CGM are good for all of the species and Fes, again those which would be expected to be most sensitive

are detailed in Tables A and B of the Supporting Information.
The force constant values are reported in Table 4.
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to the approximations. These show errors of 41 and 29'cm  have suggested be assigned to the stretching mode between the
respectively. Otherwise, the errors for this compound are entirely formally nonbonded Fe atoms. This assignment does not require

acceptable. that the two iron atoms are effectively bonded: when they are
Forlc it seems clear that the constants obtained indicate thatwell separated a cluster deformation occurs, which may
significant coupling occurs betweefFe—Fe) andd(Fes—Te). alternatively be regarded as responsible for the band. A similar

In accord with this, our assignment of the 156 ¢mode asa  pehavior was reported for the B@ls]>~ complexes, which show
mixture of v(Fe-Fe) and d(Fe;—Te) is supported by the 3 strong Raman band, formallyéV—M). When M= W, the
calculation. However, we note a cluster of modes that lie just nang was calculated to be mainly-M stretching, whereas,
below the cutoff frequency of the present assignments (135 for \ = Cr, it mainly involves deformations of EICr—Cl and

cm). There are other peaks at 124, 112, and 99°¢m  cy_c|—Cr anglest® The key to the interpretation was found
associated with low-frequency C&e—CO deformation modes. to be the value of the MM distance, which is lower than the

These are close enough to have mixing with the low-frequency g, of the covalent radii in the former case, but much greater

G—;’e modesdc_)f cl)ur rrjl?delt,band, i thl's c;mxm% o(;:c;rsi[ tr;ese in the latter case. In our complexes, the length of the genuine
modes, accordingly, will NOt be properly described. Fart ol our go_ro 1yon4s varies from 2.59 to 2.74 A whereas the Fe

explanation of the problems with this species is, essentially, distance is ca. 3.6 A7 more than twice the van der Waals radius
that this mixing is real and so the approximation of replacing of the iron ato.m. Th;a conclusion, at the first sight, seems to be
nine CO groups by a single atom at their center of gravity breaks that a direct intéraction between, the two Fe a?on%s is unlikely;
down when the relative motion of these groups against each . . KEY:
so that in general, the observation of a strong band in the

other is of a frequency comparable to the frequency of other . - . .
motions in the molecule appropriate region of the Raman spectrum is not itself a proof

(d) Conclusion. The above discussion, both of spectra and ©f the existence of a direct MM bond.
of calculations, indicates that the assignments which form the
body of the present paper form a rather coherent and consistenb
\?viti'cghﬁargoshe; v;rg\(/;gn?;ves the t_)est_o_verall fits the CGM, with the University of East Anglia (R.R., U.A.J., and S.F.A.K.).

ge of simplicity, and, although it o ] ;
introduces some clearly artificial force constants, it probably A grant from the italian MURST (Cofin. 1998) to P.L.S. is
leaves “cleaner” metaimetal force constants as a result; and, 9ratefully acknowledged.

hIS,\t/IOI’ICG.”y, th(;)]se arlgd_the sfutr)]jeci_t of mt_erest. lati h Supporting Information Available: Listing of the figures with
oreoverz the ,Va,' .|ty 0 ,t e linear interpo ajuons t.at yve the infrared and Raman spectra of@O)EE (lla —c); the PCM force
have used gives significant light on the PCM and its applications. fieq and listing of tables containing the experimental and calculated

In particular, it demonstrates that the model is capable of y the cGM) frequency values ¢h—c andlla—c complexes. This

q§velopment to include some ligand atoms, at least. queVervmateriaI is available free of charge via the Internet at http://pubs.acs.org.
it is clear that care must be taken not to include such ligands

too selectively. For us, it was not possible to include the 1C991254S
chalcogenides without including the carbonyls, at least ap-
proximately, if a consistent pattern was to emerge. A similar (15) John, K. D.; Miskowski, V. M.; Vance, M. A;; Dallinger, R. F.; Wang,

i ; L. C.; Geib, S. J.; Hopkins, M. Dinorg. Chem.1998 37, 6858.
conclusanlr;as recently been reached following a study of some(lG) Ziegler, R. J.. Risen, W. M., Jmorg. Chem 1972 11, 2796.
M2 species: o (17) Seidel, R.; Schnautz, B.; Henkel, Sngew. Chem1996 35, 1710.
Finally, an important point is the presence of a band that we Gervasio, GJ. Organomet. Chenl993 445, 147.
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