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The application of the spherical harmonic model to the interpretation of the tern{ib@l) spectra of transition

metal carbonyl clusters is explored. Unless there is strong spectral evidence to the contrary (when the tensor
harmonic model is applicable), the coupling between CO vibrators at each metal atom is to be ignored when
these vibrators are symmetry-related. The overwhelming majority of carbonyl clusters conform to the spherical
harmonic model, either in its simplest forAm which only a single infrared band is observed in the solution
infrared spectrurror in its more elaborate form. In the latter, bands of lower intensity are observed on the
low-frequency side of the intense band. The greater the separation from the intense band, the weaker the additional
band, indicating an intensity stealing mechanism. The observations have been interpreted in terms of a “cluster
selection rule” analogous to the “surface selection rule” of metal surface spectroscopy and the implications of
this rule are discussed.

Introduction vibrational analysis has been perfornfedoth of the above

points, which may well be related, indicate that there are hidden

Although they have long been the subject of detailed study ;o piexities in the interpretation of the normal coordinate

there are unresolved problems in the field of the vibrational
spectra of simple transition metal carbonyls. One example
which to our knowledge has nowhere been generally discussed,
is that posed by the study of these carbonyls in the crystalline
state. Such studies show that vibrational coupling occurs
between CO vibrators in different molecules (factor group
splittings are commonly observell)it follows, then, that there

is a through-space mechanism by which carbonyl vibrators may
couple. There is no evident reason such mechanisms can onl
occur between different molecules and we must conclude that;
they may contribute to the intramolecular vibrational couplings
observed in simple carbonyl species. If this is so, attempts to
place a purely intramolecular interpretation on quantities such
as the interaction constants of a vibrational analysis must be of
uncertain validity. This highlights a second problem; that of

the

knowledge, there is no example in the literature of the ab initio
calculation of force and interaction constants in which the
absolute magnitudes of bonthond interaction constants fail

to diminish with increase in separation between the coupled
bonds? This pattern, of course, is that expected; separation
increases damping. However, it is not that always found for
those simple transition metal carbonyls for which a complete

analyses that are available in the literature of simple transition
' metal carbonyls.
The above comments also have considerable implications for
a normal coordinate analysis of the=O modes of transition
metal cluster carbonyls. On one hand, the complexity of these
species is such that a considerable number of different force
and interaction constants is needed for a complete analysis. On
the other hand, the arguments just presented indicate that the
Ymost obvious solutionthat of setting the majority of the
interaction constants equal to zetis surely invalid. In cluster
carbonyls, the intramolecular separations between CO vibrators
may well be comparable to those between the intermolecular
CO groups for which through-space coupling is observed in
simple species. In that the factor groups splittings observed in
such simple species are commonly of the order of 1G%¢m
one is faced with a potentially extremely difficult problem for
transition metal carbonyl clusters. Both intramolecular and
through-space vibrational couplings of significant magnitude are
to be expected, and so complicated vibrational spectra should
result. If it were possible to analyze these spectra using a normal
coordinate approach, the resulting interaction constants would
have little physical meaning, being the resultant of two distinct

relative magnitudes of interaction constants. To our

(3) Of particular note are the octahedral hexacarbonyls, for which the

T University of East Anglia. spectral data available (which includes data from isotopomers) are
* Universitadi Torino. more than adequate to enable a complete and unambiguous normal
(1) An extreme example is provided by the observation that th€EO) coordinate analysis (Jones, L. H.; McDowell, R. S.; Goldblatt, M.
modes of mixed crystals of M(C@)M = Cr, Mo, W, are indistin- Inorg. Chem.1969 8, 2349). Here, it is invariably found that the
guishable from the modes of the pure components except that the absolute magnitude of the cis coupling between tweCCvibrators
observed frequencies are a function of the composition of the crystal is greater than that between the twe-® in the intervening G-M-C
(Kariuki, D. N.; Kettle, S. F. A Inorg. Chem.1978 17, 141). For unit, although the expected attenuation with separation would lead to
this particular example the lowest multipolar coupling is quadrupolar the opposite inequality. A through-space contribution to the cis
quadrupolar; the corresponding dipetatipolar coupling must be coupling of the two GO vibrators is indicated. It may well occur for
expected to be stronger (but is not directly observable because of the thetranscoupling too. In any case, it is to be noted that the coupling
broad bands found in the infrared of the crystals). between cis €&0's (largely through empty space) is greater than that
(2) See, for exampleSpectrochim. Acta A997 53, 1039-1364 (Special between trans (where there is a high intervening electron density, the
Issue devoted to ab initio calculation of force fields). effect of which is metal dependent).
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Table 1. List of Representative Clusters with Only-MCO Units

no. of ideal no. of no. of ideal no. of
no. of #:(CO) sym- __IRpeaks no. of #(CO) sym- IR peaks

cluster units u» wus metry pred obs ref cluster units u> wus metry pred  obd ref
[Rhs(CON1]?>~ 4 7 Cs 4 vs* 6 [NigPt(CO)H]?~ 9 12 Dsn 3 vs 35
[Cos(CON4*~ 6 8 Oy 1 vs* 7 [P&(CO)]4* 12 12 Dan 4 vs* 10
[Rhe(CO)14]4‘ 6 8 O 1 vs 8 [ha(COko(C)zAg]s_ 12 18 Daqg 3 vs 36
Cos(CO)Ss 6 On 1 vs*P 9 [NigCo3(CO)CI*~ 4 16 D, 4 vs* 37
[PL;(CO)s]ZZ‘ 6 6 Dan 2 vs* 10 [ha(CO)z7SbF_ 12 15 C 12 vs(sh) 38
[Cos(CONsN]~ 6 9 Dan 2 vs 11 [Nix(CO):GeP~ 12 6 4 C 12 vs 26
[Rhg(CO)sN]~ 6 9 Dan 2 vs 11 [Nix(CO)Snp~ 12 6 4 C 12 wvs 26
[Cos(CONsCI?~ 6 9 Dan 2 vs* 12 [RhyPt(CORq* 12 12 Dan 4 vs,m 15
[Rhe(CO)15C]2‘ 6 9 Dan 2 vs 13 [RhlPtz(CO)24]3‘ 12 12 Cs 12 vs(sh) 15
[Nig(CONg>™ 6 6 Daq 2 vs 14 [Rh3(CO)H]*~ 12 12 Dan 4 vs 39-41
[Rhe(COXs(AUPPR)N]- 6 9 Ca 4 vs* 15 [Rhs(CO)Ho]3 12 12 Dan 4 vs* 39-41
[Rhg(CO)4(H)N]>~ 6 8 Cs 6 vs(sh)* 16 [RA3(CO)4H3]?~ 12 12 Dan 4 vs 39-41
[Rhs(CON4PPRC]>~ 5 9 Cs 5 vs* 17 [Rhs(CO)aH4~ 12 12 Dan 4 vs 39-41
[RhgNi(CO)16]>~ 7 6 3 Cs 5 vs* 18 [Ca3(CO)4(C)]* 12 12 C, 12 vs(sh) 42
Nig(CO)(PPh) 8 On 1 vs 19 [Cas(CO)4(C)3 12 12 Cs 12 wvs(shy* 43
[Nig(CONeCI?~ 8 8 Dad 2 vs 20 [Rh4CO)3(C),]?~ 12 21 Dan 4 vs(sh)* 44,45
[CosNio(CO)6Co]>™ 8 8 Con 4 vs,s(sh),m 21 [Rh(CO)s* 9 16 Cs 10 vs(sh)* 46
[Nig(COgl>~ 9 9 Dan 3 vs* 22 [Rh4(CO)sH]3~ 10 15 C 10 vs(sh) 47
[Pts(CO)] 2 9 9 Dan 3 vs* 10 [Rh4(CO)g? 11 15 C: 11 vs* 41, 48
[Nig(CONCI?~ 9 4 4 Cy 5 vs 20 [Rhs(CO)]®~ 6 24 Dan 2 vs* 6
[Rhg(CO)PP~ 9 12 Cs 5 vs* 23 [Pt(CO)]s>~ 15 15 Dan 5 vs* 10
[Rhgpt(CO)J]Z_ 7 9 1 C 7 vs* 24 [Rh5(CO)27]3‘ 13 14 C 13 wvs 49
RhyCu(CO)g(NCMe) 8 8 3 GCs 8 vs(sh) 25 [Ri/(CO)AS)]*~ 16 16 Dag 4 vs(sh)* 50
[Nilo(co)zoGe]z_ 10 10 Dsq 4 vs 26 [P§(CO)5]62‘ 18 18 Dsn 6 vs* 10
[Rhio(CO) P>~ 10 12 D. 4 vs* 27 [Ptig(CO)o*~ 12 10 Dsn 3 vs(sh), m 51
[Rhm(CO)ngS]z_ 10 12 D4 4 vs* 28 [Rf}z(co)m]“_ 12 6 1 G 6 vs* 52
[Rhio(CO)S>~ 10 12 D, 4 vs* 29 [Rh(CO)sH, > 12 21 2 G 12 vs* 53
[Ni1o(CO)eCo)> 6 10 Con 3 vs(sp) 30 [Pu(CO)ql?~ 22 8 Ca 18 vs* 54
[RhioPt(COYiN]3~ 11 10 Co 9 vs,m 31 [P4(CO)i)*™ 23 9 Cs 23 vs* 54
[RhgP&(CO)2) 3~ 11 11 C 11 s 32 [Ngs(CO)gH(C)q]>~ 10 26 2 G 5 vs 55
[C011(COXAC)]3~ 1 11 Cy 11 vs 33 [Nis(CO)o(C)a]®~ 10 27 2 G 10 vs 55
[Ni1o(CO)q]* 9 12 Dan 3 vs 34 [Nig(COMaA(H)(Ce]>~ 6 36 Dsq 2 vs 56
[Ni12(CO)H]3~ 9 12 Dan 3 vs 34 [NpgPts(COgl®~ 18 12 18 Dgyg 5 vs 57
[Ni1(CO)pH2|2 9 12 Dav 3 vs(sh) 34 [NigPts(CONgH]> 18 12 18 Dy 5 Vs 57
[Ni12(CO)iH3] ™ 9 12 Dan 3 vs(sh) 34 [NigP(COugH2]*~ 18 12 18 Dgy 5 vs 57
[NigPt(CO1)]* 9 12 Daw 3 Vs 35 [NigP(COaHs)? 18 12 18 Dy 5 Vs 57
[NIgPta(COu)H]Sf 9 12 Dsn 3 vs 35

aThe asterisk indicates that spectra were u8ddvo Raman peaks not coincident with the infrared.

contributions, through-bond and through-space, questioning thehave adduced, the last conclusion has no contact with reality.
value of such analyses. Another problem with the vibrational A general characteristic of transition metal carbonyl cluster
analysis of cluster carbonyls is the absence of data on isoto-compounds is the simplicity of their termina{CO) infrared
pomerst Itis perhaps not surprising that all of the extant normal spectra. If the arguments that we have presented are not invalid,
coordinate analyses of the<®© modes of cluster carbonyls are  they must be incomplete; some major phenomenon must have
for relatively simple clusters in which each metal atom is linked been overlooke¢tand we believe this to be the case. If thisis
to all of the other metal atoms. Neither is it surprising that so, then the meaning of a conventional normal coordinate
there has been no such analysis reported for almost twenty yearsnalysis is placed yet further in question, although this is a rather
(the most recent concerneds(€O)., species, M= Ru, Os)? academic point because the general simplicity of the observed

Although the above considerations lead to the expectation spectra is such that there are not enough data to enable such
that C=0 vibrational analyses of metal carbonyl clusters will analyses. The situation finds focus in the observation that a
be difficult and their interpretation even more so, they also cluster commonly shows a much simpler spectrum than the
indicate that there should be a wealth of spectral data avail- species from which it is made, even though it contains many
able: more nonzero interaction constants lead to richer spectratimes the number of terminal CO groups in the latter.

While we are aware of no reason to question the arguments weR |
esults

(4) For a cluster with 20 CO groups, about a quarter of the molecules in - The focus of the present work is a survey of the&O
a normal sample will be enriched witBCO. There will not be a single P y th€0)

enriched species but several, differing in the position of the enrichment ViPrational spectra of transition metal carbonyl clusters. There
and therefore in spectroscopic characteristics. It will not be possible are so many of these in the literature that we are forced to be
to enrich one position selectively. Further, in that each molecular selective. Table 1 contains a list of representative clusters

vibration may involve all of the terminal CO groups in a molecule, it L ; : ;
is far from clear that the displacements of the frequencies of the singly containing solely M(CO) groups. Table 2 lists species with only

enriched species from those of the nonenriched will be sufficient to
enable their resolution. Increasing the enrichment will lead to a plethora  (6) Martinengo, S.; Fumagalli, A.; Chini, P.; Albano, V. G.; Ciani, .

of species, the data from which would surely be incapable of Organomet. Chenil976 116, 333.
deconvolution. Isotopomeric studies are not expected to be of value. (7) Albano, V. G.; Bellon, P. L.; Chini, P.; Scatturin, \J. Organomet.
(5) Battiston, G. A.; Bor, G.; Dietler, U. K.; Kettle, S. F. A.; Rossetti, R.; Chem.1969 16, 461.

Sbrignadello, G.; Stanghellini, P. lnorg. Chem.198Q 19, 1961. (8) Chini, P.; Martinengo, Sl. Chem. Soc., Chem. Commi&69 1092.
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Table 2. List of Representative Clusters with Only M(CQ)nits

Kettle et al.

Table 3. List of Representative Clusters with Only M(CQ)nits

no. of ideal no. of ideal no. of
no. of 1n(CO) sym- IR peaks no. of sym- IR peaks
cluster units u>, wusz metry pred  obd ref cluster units metry pred ob%s ref

Cos(CO)ss 6 4 Ty 2 vs(sh) 58 Ir4(CO)2 4 T 2 vs, m* 60
Rhs(CO)s6 6 4 Ty 2 vs(sh)* 58 C04(CO),2Shy 4 Ty 2 vs,s 68
Irs(CO)6 (red) 6 4 Ta 2 vs(sh)* 59, 60 Fe(CO)(AsMe) 4 T 2 s,m 69
Ir(CO)6 (black) 6 4 S 4  vs* 59, 60 Fes(CO)sC 5 Cs 15 wvs,s,m,w 70
[Rug(CO)6CI? 6 4 Cs 13  vs(sh) 61, 62 Rus(CO)sC 5 Cs 15 vs,s,m 70
Cos(CO)C(S) 6 Dan 3 vs,m* 63 Os(COxsC 5 Cs 15 wvs,s,m 70
Cos(CO)C(Se} 6 Dan 3 vs,m* 64 Rus(CO)s(Pbut) 5 Cs 15 vs,m,w 71
Cos(CO)C(Te) 6 Dan 3 vs,m* 65 [Oss(COQsP]™ 6 Dan 5 vs(sp), m(sh)* 72
[Ruio(CO)4Co)> 10 4 D, 15 vs(sh,sh) 66 Rus(CO)s(H)2 6 Dag 5 vs(sp), m 73
[FesPdy(CO)4*™ 6 6 6 D 4 vs(sh,sh) 67 [Rus(CONs(H)]~ 6 Ds 9 vs,w 74
[FesP&(COpH]*> 6 6 6 Da 4 vs(shsh) 67 [Oss(CO)g]> 6 D3 9 s, wt 74,75

aThe asterisk indicates that spectra were used. Ejosjéc&)zsm g gi” ig x:gg)sz)(sh) ow 7765 ”
M(CO), groups, Table 3 those with M(C@yroups, and Table [%Sggfcogl)jggié, g (C;Z ig x:ggg mgg; :;‘SVQZ 775 78
4 those with a mixture of different M(C@nits. Each of the  [Rey(CO),.Cl> 8 Dwx 7 smp.wr 80

tables gives the idealized symmetry of the CO arrangement and

the consequent group theoretical predictions for infrared activity.

2 The asterisk indicates that spectra were used.

This is to be compared with the pattern of peaks reported in the infrared spectra, also given in the tables. The spectral data

(9) Diana, E.; Gervasio, G.; Rossetti, R.; Valdemarin, F.; Bor, G
Stanghellini, P. LInorg. Chem.1991 30, 294.

(10) Longoni, G.; Chini, PJ. Am. Chem. Sod.976 98, 7225.

(11) Martinengo, S.; Ciani, G.; Sironi, A.; Heaton, B., T.; Mason,).J.
Am. Chem. Sod 979 101, 7095.

(12) Martinengo, S.; Strumolo, D.; Chini, P.; Albano, V. G.; BragaJD.
Chem. Soc., Dalton. Tran985 35.

(13) Albano, V. G.; Sansoni, M.; Chini, P.; Martinengo,JSChem. Soc.,
Dalton Trans.1973 651.

(14) Calabrese, J. C.; Dahl, L. F.; Cavalieri, A.; Chini, P.; Longoni, G.;
Martinengo, SJ. Am. Chem. Sod.974 96, 2616.

(15) Blum, T.; Heaton, B. T.; Iggo, J. A.; Sabounchei, J. S. Z.; Smith, A.
K. J. Chem. Soc., Dalton. Tran$994 333.

(16) Ciani, G.; Proserpio, D. M.; Sironi, A.; Martinengo, S.; Fumagalli,
A. J. Chem. Soc., Dalton. Tran$994 471.

(17) Blum, T.; Brown, M. P.; Heaton, B. T.; Hor, A. S.; Iggo, J. A;
Sabounchei, J. S. Z.; Smith, A. K. Chem. Soc., Dalton. Trank994
513.

(18) Fumagalli, A.; Longoni, G.; Chini, P.; Albinati, A.; Bekner, S.J.
Organomet. Cheml98Q 202 329.

(19) Lower, L. D.; Dahl, L. FJ. Am. Chem. Sod.976 98, 5046.

(20) Ceriotti, A.; Longoni, G.; Manassero, M.; Perego, M.; Sansoni, M.
Inorg. Chem 1985 24, 117.

(21) Arrigoni, A.; Ceriotti, A.; Della Pergola, R.; Longoni, G.; Manassero,
M.; Masciocchi, N.; Sansoni, MAngew. Chem., Int. Ed. Endl984
23, 322.

(22) Longoni, G.; Chini, PInorg. Chem.1976 15, 3029.

(23) Vidal, J. L.; Walker, W. E.; Pruet, R. L.; Schoening, R. I60org.
Chem.1979 18, 129.

(24) Fumagalli, A.; Martinengo, S.; Ciani, G.; Marturano,l@rg. Chem
1986 25, 592.

(25) Ciani, G.; Moret, M.; Fumagalli, A.; Martinengo, $org. Chem.
1989 28, 2011.

(26) Ceriotti, A.; Demartin, F.; Heaton, B. T.; Ingallina, P.; Longoni, G.;
Manassero, M.; Marchionna, M.; Masciocchi, NChem. Soc., Chem.
Commun 1989 786.

(27) Vidal, J. L.; Walker, W. E.; Schoening, R. @org. Chem1981, 20,
238.

(28) Vidal, J. L.Inorg. Chem.1981, 20, 243.

(29) Garlaschelli, L.; Fumagalli, A.; Martinengo, S.; Heaton, B. T.; Smith,
D. O.; Strona, LJ. Chem. Soc., Dalton. Tran£982 2265.

(30) Ceriotti, A.; Longoni, G.; Manassero, M.; Masciocchi, N.; Resconi,
L.; Sansoni, MJ. Chem. Soc., Chem. Commu985 181.

(31) Martinengo, S.; Ciani, G.; Sironi, Al. Am. Chem. S0d.982 104
328.

(32) Fumagalli, A.; Martinengo, S.; Ciani, @. Organomet. Cheni984
273 C46.
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Chem 1981, 213 293.
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G.; Sansoni, MJ. Organomet. Cheni986 301, C5.

(36) Heaton, B. T.; Strona, L.; Martinengo, S.; Strumolo, D.; Albano, V.
G.; Braga, DJ. Chem. Soc., Dalton. Tran983 2175.

available to us are of variable quality. When spectra are given
in the literature, we have been able to make our own assessment
in terms of the present model. Tables of frequencies are more

(37) Ceriotti, A.; Della Pergola, R.; Longoni, G.; Manassero, M.; Sansoni,
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Table 4. List of Representative Clusters with Different M(GQJnits
no. of M(CO), units no. ofun,(CO)

no. of IR peaks

ideal

cluster n=1 n=2 n=3 Uz Us symmetry pred olss ref
[CoF&(CO\g]~ 1 3 3 Csy 6 vs, m(sh) 115
[CORW(CO3)~ 1 3 3 Cay 6 Vs, m 115
[Fes(COngl> 3 1 3 1 Csy 5 vs(sh) 81
[CoFeRuU(CO)3]~ 1 3 3 Cs 10 vs(sp,sh) 115
[CoFeRuW(CO)3l~ 1 3 3 Cs 10 vs(sp,sh) 115
[Cos(CONal] ~ 1 2 1 3 Cs 8 vs(sh)* 82,83
[Ni5(CO)12]2’ 3 2 3 Dan 3 vs, m 84
[Fes(COWaN]~ 2 3 1 Cs 13 vs(sh) 85
[Rus(CO)X4N]~ 2 3 1 Cs 13 Vs, s, m 86
Fes(CO)4(H)N 4 1 3 Cs 11 VS, S, S 85
[Cos(CONsH]~ 2 4 5 Cy 9 s, m 87
[Cos(CONaN]~ 3 3 4 Cs 9 S 88
[Fes(COXeCl>™ 5 1 3 Cs 13 vs(sh,sh) 89
[Rhs(CONCI>~ 5 1 6 Cs 7 'S 90
Rus(CO)./C 2 4 1 Cs 16 vs(sp)* 91
[Rug(COxg)>~ 4 2 2 2 Ca, 12 vs(sp,sh)* 74,92
[Rus(CO)eN]~ 4 2 2 Cs 14 vs(sh) 86
[Cos(CONCI> 4 2 5 C: 8 vs(sh)* 93
[Rhe(CO)PPRC]>~ 5 1 5 C: 7 vs* 116
[Ir6(COXs(COOCH)]~ 1 5 4 C: 11 vs(sp)* 94
[Rh7(COXsN]?~ 4 3 4 1 Cs 10 VS, VW 116
[RhsCo(CO)sN]2 4 3 4 1 C 10 Vs 116
[Rhelr(CO)15N]2’ 4 3 4 1 C, 10 VS, VW 116
[Coo(COSI?~ 5 4 8 C, 7 vs(sh) 95
[Rhg(CO)19]3‘ 5 1 9 3 C 7 vs(sp) 96
[Os10(COY4CI>~ 6 4 Ty 4 vs, s* 97
[Os10(COR4C(H)4]? 6 4 Ty 4 vs, s(sh)* 97
[Os1o(COR4(AuBINC]~ 6 4 C: 24 VS, S 98
[Rhi2(CO)s(C)2] ~ 10 2 10 1 C 14 v 99
[Rhlz(co)zz;(c)z]27 8 4 8 Dan 4 vs(sh) 100
[Rhlz(co)gg(c)g]4_ 11 1 10 Cs 13 vs* 101
[RugCu(CO)a(H)2(Cl)7]%~ 2 6 2 Ca 17 VS, VS, S, S 102
[Rui2Cug(CO)sa(H)2(Cl)2]2~ 8 4 6 Dan 7 vs,vs(sh), m 102
[Os:0(COMe) >~ 4 12 4 Ty 6 S, s, W 103

aThe asterisk indicates that spectra were u8&hows solid-state splitting.

difficult to interpret; quite often two different but close original spectra and those of other workers which have kindly

frequencies are reported which, in the light of our own been made available to us (we have also quoted the literature
experience and the solvent used, we have interpreted as a singleeferences). Those examples for which we have been able to
but split peak. In addition, we have our own collection of work from spectra are indicated by an asterisk. In the tables

(63) Bor, G.; Dietler, U. K.; Stanghellini, P. L.; Gervasio, G.; Rossetti, R.;
Shrignadello, G.; Battiston, G. Al. Organomet. Cheni981, 213
277.

(64) Gervasio, G.; Rossetti, R.; Stanghellini, P. L.; Kettle, S. F. A.; Bor,
G. Spectrochim. Actd993 49A 1401.

(65) Diana, E.; Gervasio, G.; Marabello, D.; Rossetti,JRCluster Sci.
1998 9, 223.

(66) Hayward, C. M. T.; Shapley, S. R.; Churchill, M. R.; Bueno, C.;
Rheingold, A. L.J. Am. Chem. S0d.982 104, 7347.

(67) Longoni, G.; Manassero, M.; Sansoni, ¥.Am. Chem. Sod.98Q
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the spectral data are reported using the following notation. Whenis made by noting that the molecular symmetry will be less
a strong peak is observed but which shows a splitting and, say,than spherical, so that some splitting of the predicted single
a shoulder, this is given as s(sp,sh). The s indicates a strongbut degenerate features must be expected. Further, in the
band, qualified by the quantities in parentheses (split, shoulder).reduced symmetry some spectral activity transfer into modes
When there are several bands, say three, they are reported irof the same symmetry as the predicted active species is also to
order of decreasing frequency using a pattern like vs(sp), m, be expected. However, any transfer will be such that the greater
w(sh), where vs= very strong, m= medium, and w= weak. the frequency separation between the “allowed” mode and the
For a few, but important, cases solution Raman data are available'stealing” mode, the less will be the transfer (in a perturbation
and these are given in footnotes. In a few others, Raman datatreatment) and so the lower the stolen intensity. That is, the
on crystalline solids are available but these we have not highest frequency infrared band will be the strongest and any
generally reported. The reason is that such spectra can showother infrared bands seen will progressively become weaker to
factor group effects (the fact that intermolecular vibrational lower frequency. With these developments, the model seems
coupling occurs indicates the basic “normality” of these to be applicable to most nonplanar cluster carbonyl species. The
clusters-here, they behave just like simple carbonyls). In few to which it does not apply have strong tangential (to the
favorable cases one can argue that factor groups effects aresurface of the sphere), as well as radial, dipolar-active modes.
negligible or, where the spectra of several closely related Such tangential modes arise, for example, from the E mode of
isomorphic species are available, it has proved possible to arguea M(CO) unit (the CO vibrators within a M(CQ)unit are
back from solid-state Raman spectra to give solution data but always vibrationally coupled). For such molecules, an extension
the arguments are long and detaitezhd it is not always evident  of the model to incorporate the essentials of Stone’s tensor
which are favorable cas€4%4 In this uncertain situation we  harmonic approach to the bonding in clust®tshas been
have preferred to confine ourselves to solution data, which are described. It is important to recognize, however, that what has
unambiguous. The entries in each table are listed in order of just been said doesot mean that all clusters with M(C®)
increasing nuclearity of the metal cluster core. groups, in which all of then carbonyls are symmetry related,

In viewing the tables the following points are relevant. are to be treated by the tensor harmonic formalism. The need
Whenever there is an M(C@)n = 2, group in a mononuclear  to invoke the tensor harmonic approach is infrequent for such
transition metal carbonyl there is coupling between théG0) species.
vibrations. It must be assumed that this coupling also occurs Although a general approach to the interpretation ofiA@0O)
in polynuclear species, notwithstanding the common lack of spectra of the terminal carbonyl groups of clusters is thus in
overt evidence for it. Such coupling invariably leads to some place, it leaves unanswered important questions. In particular,
modes which have dipole moment changes tangential to thewhy should it be necessary to regard all CO groups as radiating
surface of a spherical cluster. If these modes were spectrallyfrom the surface of a sphere when, manifestly, they radiate from
active it would be necessary to invoke the tensor harmonic the metal atom to which they are attached? One of us has
model (vide infra). Appropriate examples exist and they will recently provided an answer to this question in suggesting that

be reviewed later. there is a cluster equivalent of the so-called “surface selection
rule” of metals'®” The fact that a dipole moment change in an
Discussion adsorbed molecule induces an image dipole moment change in

Lo . a metal surface is well-known in metal surface spectrosé&py.
The problem detailed in the Introduction has recently been the ginole moment changes perpendicular to the metal surface
explalned by a model which, at the S|mples§ level, ignores the (qinforce and those parallel to it cancel, leading to the rule “only
details of the structure of the cluster and considers the CO groupSginole moment changes perpendicular to the surface are

as radially attached to a spherical cluster surféieed spherical — goacirally dipole active®. The suggestion that there is a related
harmonic analysis of the vibrational problem then shows that «y i) cluster selection rule” is intriguing, for it divides metal

of the harmonics subtended ¢SP+ D + ...) only the P modes o5h5ny| clusters into two classes. The first, the vast majority,

are dipolar and therefore infrared active. Similarly, only the S )opaye as conductors and so are able to sustain image dipoles.
and D are Raman active. The basic picture which emerges iStpey thys follow the more generally applicable model described
of a single strong infrared peak sandwiched between two Raman, e and which, for simplicity, may be called the “spherical
features (it is assumed that data from dissolved species are being .. onic model” (SHM). The second set are those that are
discussed and t_hat the number of carbo_n_yl groups present is, ot aple to sustain an image dipole and so approximate to
such as to span into the D set). The transition to real molecules;,q jators. These, the minority, are those that require Stone’s

tensor harmonic treatment, a treatment that may conveniently

(96) Martinengo, S.; Fumagalli, A.; Bonfichi, R.; Ciani, G.Chem. Soc., be called the “tensor harmonic model” (THM).
Chem. Commuril982 825. .
(97) Braga, D.: Lewis, J.; Johnson, B. F. G.; McPartlin, M.; Nelson, W. J. The statement that the metal atoms in a cluster behave as a

H.; Vargas, M. D.J. Chem. Soc., Chem. Comma983 241. fragment of a conductor has immediate implications for the

(98) ’\EA)rak_e, ?-JR-:CEenriCS. K-:Jgﬂnsonéa F-fﬁ;g'-es\)'\lzigl; McPartlin, M., glectronic band structure of the clustdilled bands neither
(99) Ag;ﬁé \'/.'G.-?:rr?i'ni OFS'.' Maﬁméngoomrsn.. Sa?\soni' M. Strumolo. D.  conduct electricity nor sustain image dipoles. The implication,

J. Chem. Soc., Dalton Tran$978 459. then, is that the majority of transition metal carbonyl clusters
(100) Albano, V. G.; Braga, D.; Chini, P.; Strumolo, D.; Martinengo]S.  are materials with, effectively, incompletely filled bands.

(101) %‘;{;‘;65\3% '?g':gg;gf‘g?uami‘fgb . Seregni, C.: Martinengo, S Calculation$® on bare metal clusters, indeed, commonly lead

J. Chem. Soc., Dalton Tran$985 1309.
(102) Beswick, M. A,; Lewis, J.; Raithby, P. R.; Ramirez de Arellano, M.  (106) Stone, A. JMol. Phys.198Q 41, 1339. Stone, A. Jinorg. Chem.

C. Angew. Chem., Int. Ed. Endl997, 36, 291. 1981 20, 563. Stone, A. J.; Alderton, M. lnorg. Chem1982 21,
(103) Amoroso, A. J.; Gade, L. H.; Johnson, B. F. G.; Lewis, J.; Raithby, 2297. Stone, A. JPolyhedron1984 3, 1299.

P. R.; Wong, W. TAngew. Chem., Int. Ed. Engl991, 30, 107. (107) Kettle, S. F. ASpectrochim. Actd998 54A 1639.
(104) Gilson, T. RJ. Chem. Soc., Dalton Tran$984 149 and 155. (108) Pierce, N. A.; Sheppard, Surf. Sci.1976 59, 205. Sheppard, N.;
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Figure 1. Selected examples of metal carbonyl clusters with@D units only: (a) [RCO)4]~, (b) [Nis(COXeCI?~, (c) [Nig(CO)CJ>, (d)
[Cos(CONXsN] ™, (e) [Nig(COX2?~, (f) [Pta(CONgl?™, (g) [RMuaz(CO)aH3]?~, (h) [Rhig(COs],*~ (i) [Rh2(CO)7]*~ (bridging CO’s are omitted for

clarity). The common infrared spectral pattern is shown on the right. The features are associated with the spherical harmonics S, P, and D (high to
low frequency) in order; only the P (full bar) is infrared-allowed in zeroth order, and S and D (open bars) are sometimes present (see text).

o
o

to the conclusion that they have incompletely filled band would be reasonable to expect that, when a mixed-metal cluster
structures but it is usually found that the addition of ligands has a lower symmetry than its homometallic counterpart, this
such as carbonyls change the situation; filled bands now result,will be manifest in more evident band splittings and more
in contrast to the discussion above. The simplest way out of evident intensity transfer. Even though reasonable and expected,
this dilemma is to recognize that the (transition) dipole moment these characteristics commonly do not serve to distinguish
associated with carbonyl stretching modes can induce a mixingcorresponding homo- and heterometallic clusters; effective
with low-lying empty bands. A parallel with phenomena such conductor properties dominate.

as the temperature-independent paramagnetism of, say, the In the discussion of specific spectra we will ignore the very
permanganate anion can be drah A very similar suggestion ~ weak peak that commonly occurs at highest frequency in the
has been made to account for the paramagnetism of the eveninfrared spectra. This is associated with the S mode and, in
electron cluster [OsC(CO)4H,] (except that here the mixing  many symmetries, remains Raman-only active. It seems to be
occurs in zeroth orde®l! Relevant is the fact that although a characteristic of almost all termina{CO) spectra that this
the contribution of infrared spectra to the study of metaktal highest frequency, totally symmetric, mode appears as a very
vibrations is small, there seems no evidence that clusters behaveveak peak, even when it is symmetry forbidden. Asymmetric
as reflectors in this spectral region. Such reflectivity would be solvent cages may offer one explanation, isotopic species
expected if the clusters were true metallic fragments. another.

The above paragraphs serve to define a general approach to The Spherical Harmonic Model. Table 1 contains a review
the interpretation of the termina{CO) spectra of transition  of M(CO)-containing species and Figure 1 shows some of the
metal carbonyl clusters. However, there are several questionsmetal core arrangements covered, along with a schematic
to be addressed about its application in specific cases. It is thespectrum common to all. We note that since all of the CO
object of the present paper to cover this aspect. In it, different groups will be orientated essentially perpendicular to the surface
possible strategies for the application of the model will be of the cluster, the THM will never be applicable to such clusters.
applied. In the simplest form of the SHM the cluster is assumed In agreement with the SHM, the essential invariance of the
to be spherical, although we have indicated above the modifica- spectra with number of M(CO) units and molecular symmetry
tions which might be needed to accommodate the real structureis quite remarkable. Itis as if there were no vibrational coupling
geometnyi%® In practice, the molecular symmetry of the cluster between the M(CO) units, although it is clear (vide infra) that
seems of little importance. Further, clusters containing a variety this cannot be the explanation. Rather, the species must be
of different metal atoms can usually be treated on a par with regarded as conforming to the SHM very closely; that is, there
clusters containing only one type of metal atom. This seems is an effective incomplete electronic band structure associated
to be a further way in which the model stands up to testing; with the metal clusters in all of them. We note that if the CO
since experimentally, the vibrational spectra of the two types groups were vibrationally uncoupled then a cl€gO feature
of clusters show no great qualitative difference even though

i i i 116 (112) Kettle, S. F. A.; Diana, E.; Rossetti, R.; Stanghellini, P. L.; Della
the molecular symmetries must differ consideraBfy116 It Pergola, R Garlaschelli, linorg, Chim. Actal994 227, 241,

(113) Kettle, S. F. A.; Diana, E.; Stanghellini, P. L.; Della Pergola, R;

(109) Lauher, J. WJ. Am. Chem. S0d.978 100, 5305;1979 101, 2604. Fumagalli, A.Inorg. Chim. Actal995 235 407.
Mingos, D. M. P.Chem. Soc. Re1986 15, 31. Pacchioni, G.; Rezh, (114) Fumagalli, A.; Martinengo, S.; Ciani, G. Chem. Soc., Chem.
N. Acc. Chem. Resl995 28, 390. Katrin, A.; Neyman, K. M; Commun.1983 1381.
Pacchioni, G.; Rsch, N.Inorg. Chem.1996 35, 7370. (115) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R,
(110) Figgis, B. N.; Lewis, JProg. Inorg. Chem1964 6, 37. Geoffroy, G. L.Inorg. Chem.198Q 19, 332.

(111) Benfield, R. E.; Edwards, P. P.; Stacy, A. M.Chem. Soc., Chem. (116) Martinengo, S.; Ciani, G.; Sironi, A. Chem. Soc., Chem. Commun.
Commun1982 525. Benfield, R. EJ. Phys. Chenl 987, 91, 2712. 1984 1577.
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should invariably be seen; not only is its absence evidence for strong Raman peak will split into two, D§T+ E), and that
coupling but the weak shoulders/peak reported for particular these will be at lower frequency than the strong infrared peak
examples do not have the frequencies appropriate for this P(T,). Mixing between the T functions will give Raman-
explanation. Examples of such additional features are so few infrared coincident bands with, for the infrared (higher frequency
that it is tempting to wonder whether their occasional presence first), a strong-weak pattern. For the Raman it will be a weak
indicates the coexistence of other complexes in solution. Therestrong. The splitting of the D will be such that the i§ the

is one M(CO) species for which useful Raman data are available higherfrequency component’ This prediction is in excellent
Cos(COX%Ss? although they are of crystalline samples. Two accord with the experimental observations and makes it clear
Raman peaks are reported, the infrared frequency falling that in the application of the SHM the full set of vibrators should
between the two Raman. This, of course, is just the pattern be considered. Even in a high-symmetry example such as this,
predicted by the SHM and is also a pattern which confirms the the spectral predictions from the SHM go well beyond those
presence of vibrational coupling. from simple group theory. Such agreement gives confidence

It is clear from Tables 24 that as soon as a cluster contains in the ability of the model to make meaningful predictions in
M(CO), n > 2, a cluster may exhibit more than a single infrared Other cases where group theory itself is inadequate. This
feature, although the spectra are almost invariably simpler thanconfidence is supported by the data in Table 2, where for every
predicted group theoretically. In accord with the expectation €xample reported the spectra are simpler than group theoretically
of the SHM, the additional peaks occur as a small splitting and/ predicted. The common observation of a high frequency
or shoulder on a main peak. The absence of such additionalinfrared strong peak (often showing fine structure), sometimes
features for molecules containing only M(CO) groups indicates accompanied by a weaker peak to longer wavelength, is entirely
that they cannot arise simply because of low symmetry or understandable in terms of the SHM model.
intensity stealing, even though they behave as if these are the As the above discussion shows, the simple SHM can provide
exp|anati0ns and may be interpreted as such. The putativea gOOd Starting pOint for a discussion of the infrared (and, where
involvement of tangential components is indicated; reasonably available, Raman) spectra of cluster carbonyls. This remains
enough, there exists a continuity between the SHM and THM. true for the potentially more complicated case of clusters

Two alternative procedures exist for the application of the containing M(COj groups (Table 3). Generally speaking, they
SHM. Itis helpful to demonstrate the difference explicitly and SNOW evidence of more spectral bands than do species with only
so we consider the case of a molecule which contains only M(CO)2 groups but far fewer than the number predicted group

M(CO). groups, exemplified by aglspecies, R§CO)e, which theoretically. The common pattern, again, is for there to be a

has six M(CO) groups. This species has been briefly examined Stong high frequency peak, sometimes showing structure,
in ref 105, where the representation of the spectra and the@ccompanied by two or three progressively weaker peaks to

assignment of the modes are illustrated. First, however, the lOWer frequency, which may also show fine structure. Again,

simple group theoretical approach to the vibrations of the twelve tiS iS @ pattern which is entirely understandable in terms of
CO groups. The predictions (A E + Ty + 2T>) are for there the SHM. Table 4 contains examples of clusters which contain

to be two infrared active and four Raman active features, two M(CO)n groups with more than one value of However, as

of which will coincide with the infrared peaks. This isin accord € table shows, they are in no way significantly distinguished
with the observed spectf&112and, while gratifying, itis to be  [1oM the entries in Tables 2 and 3. In that the SHM does not
noted that there is no account given of the relative band distinguish between different origins of the CO vibrators, this

intensities. indifference of the spectra to the existence of disparate vibrator

In the SHM applied to R{CO)s one might consider just sets is in accord with the model. Akin to this is the presence

the six totally symmetric (in the local,, symmetry) Rh(CO) in the tables of clusters which contain different metal atoms.
20 H i : H
modes. These transform as A T, + E in the moleculafy As is particularly evident when they have counterparts with only

. i . . . __one type of metal atom, the presence of mixed metal cores has
symmetry (the corresponding antisymmetric modes give rise

to T; + T, symmetry coordinates). Adding the spherical Ph?sei\élgﬁfgtr:é%gf:Zﬁg:}glﬁﬁtigqﬁgzaﬁerved spectra. Again,
harmonic parentage of each feature, §(A P(T,) + D(E), ’

we see that all modes are predicted to be spectrally active there The Tensor Harmonic Model. 'In Table 5 are given
i P - P y active examples of species for which the tensor harmonic formalism
being two Raman peaks, sandwiched between which is an

infrared. While this correctly accounts for the presence and oo > that which is appropriate as a first approximation for an
: y . P . interpretation of their spectra. The characteristics of this model
general pattern of three strongest peaks in the two spectra, it

neither explains the infrareecRaman coincidences observed nor can be seen by a consideration of the case of a hypothetical
the additional peaks. Extending the discussion to include the [M(CO)Je molecule of essentially octahedral structure, assumed

antisymmetric modes in the discussion could explain the latter - follow it. The local A modes will transform as 4 + E; +
Y . eXp : T1uw and the discussion of these (radial) modes is covered by
but not the former. Mixing between symmetric and antisym-

metric modes could be added to give the required intensity the SHM. The local E modes (which are tange_ntial) transform
redistribution but would have to be considerable and thus negate™> Tig+ Tau+ Tog + To. These have the potential for spectral
the starting hypothesis of separate symmetric and antisymmetricaCtIVIty and so the basic pattern characteristic of the THM wo uld
modes be the appearance of two ;trqng wgl! separated peaks in the
’ ] infrared, both T,. The relative intensities of these peaks is a
The second approach is to apply the SHM to the full set of 46 difficult matter. At one extreme, that in which there were
twelve terminal carbonyl groups. The twelve now spans$(A g yibrational coupling between the M(CQ)nits, the above
+ P(Ty) + D(E + T2) + F(T,) spherical harmonics. Again, S

and D originating modes are Raman active and the P infrared.(117) The reason for this pattern of energies is that #eifictions mixed,

Now, however, in contradistinction to the previous motel the P and (three of the) D, aoethogonal When orthogonal functions

where they were kept apart by the symmetric-antisymmetric mix, the mixed functions have energies intermediate between those
. . . T of the pure componentscompare s and p orbitals mixing to give

separation-mixing between the Ffunctions originating in the two, identical except for orientation in space, sp hybrids. So here,

P and D harmonics can occur. Further, it is predicted that the the two T, features seem remarkably close together.
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Table 5. List of Representative Clusters Following the Tensor Harmonic Model
no. of M(CO), units

no. of IR peaks

no. of ideal

cluster n=1 n=2 n=3 u2(CO) symmetry pred olss ref
Os(CO) 04 4 Ty 2 s, vs* 118, 119
Re)(CO)2F4 4 Ta 2 ms, s 120
R&(Co)lz(SMe);t 4 Ty 2 m, ¢ 121
RQ(CO)lz(SeCeH5)4 4 Tq 2 m, $e 121
Rw(CO)2Fg 4 Dud 5 m, s(sh) 122
MI'M(CO)lng(OH)Z 4 sz 8 S, ve 123
Mn4(CO).F(OH) 4 Cs 12 s, v8 123

aThe asterisk indicates that spectra were u8éatensity not specifically reported but inferred from the discussion in the t&@man data
available.

2100 2000

Raman

Figure 2. Sketch of the structure of MCO)x(usE)s complexes and schematic infrared and Raman patterns #€O%(«z0)s (ref 119). The
pattern is that typical of the above species for which the TSH model is applicable. The infrared spectrum can be interpreted in terms of uncoupled
M(CO); groups but the Raman spectrum shows that this explanation is invalid (see text).

analysis would only be applicable in a formal sense and the several of the species listed in Table 5 that they contain rather
band intensities would be ca. 1:2, as in an isolated MOt electronegative atoms as bridges and so could also lead to
Away from this case, the situation depends on the assumptionseffective insulators. However, it seems that it can be a delicate
made in the dipolar expansion but the other limiting case is matter. So, although a sulfur bridged Re species is listed, the
that in which the band intensity ratio is ca. 1:1, although even data in the literature indicate that the corresponding iron
this is dependent on the bond angles at the MGDup. As compound should not B&4 Finally, it is to be noted that the
working model, we have taken the THM to be applicable examplesin Table 5 are all of relatively small clusters. This is
whenever there occur two strong well separated bands in thesuggestive. It hints that for small clusters it is marginal whether
terminal »(CO) region in which the lower in frequency is the cluster band structure is such that the “cluster selection rule”
stronger than that at higher. For all of the species reported inis operative and that molecular features which tend to disrupt
this table, the general pattern is of two peaks, of which the lower this band structure may be sufficient to lead to the applicability
in frequency is approximately twice as intense as the higher. of the THM.
This pattern has lead several authors, usually when reportingC .
. . onclusions

the preparation of the compounds, to interpret the pattern as o
indicating uncoupled M(CQ)groups. This interpretation is best The present work has explored the application of the SHM
discussed in the context of an example to which the THM seems @nd THM models to the interpretation of thgCO) vibrational
applicable, theTg molecule O$04(CO)2118 The infrared and spectra_ of_transmon metal cz_arbonyl clusters. For cl_us_ters
Raman spectra are available for this compoi#idne Raman ~ containing just M(CO) groups it works remarkably well in its
is important as the noncoincidence of the Raman bands with SImplest form.  Itis also applicable to more complicated species
the infrared clearly demonstrates that there is coupling between@nd the observations that the vibrational spectra are almost
the Os(CO) units. The treatment on the basis of the THM has msensmve to the cluster g_eor_netry, to the met_al atom composi-
been detailed in a previous paprand consists of A> T, tion and to the CO group dlgtrlbutlon are explam_ed. Even when
and T, > E > T, energy patterns derived from the local Os(g0) It would seem a natural flrgt step, .the coupling together of
A1 and E modes, respectively. The reported data, both infrared ¢arbonyl groups at one metal is to be ignored unless the observed
and Raman, are in good accord with these predictions, asmfrared_spect_rur‘_n cc_mtalns several_stro_n_g bands with significant
illustrated in the schematic spectral representation shown in Separations, indicative of the applicability of the THM.
Figure 2. It must be recognized that the general thrust of the present

The distinctive feature of Q©4(CO)» compared with earlier work is very different from that indicated by attempts to extend

examples is the presence of O bridges spanning the Os(CO) (120) Horn, E.: Snow, M. RAust. J. Chem1981, 34, 737.
units. It seems entirely reasonable that these bridges should(121) Abel, E. W.; Hendra, P. J.; McLean, R. A. N.; Qurashi, M.Ivarg.

disrupt the electronic band structure of a compact @st and 122) fﬂh;rrghg(ftaé%p?eg’c& R D Russel D. R. Wilson. 1Ghem

lead to effective insulator properties. It is a characteristic of Communi97q 1643. T T ’
(123) Horn, E.; Snow, M. R.; Zeleny, P. @ust. J. Cheml98Q 33, 1659.

(118) Bright, D.J. Chem. Soc., Chem. Commad®87Q 1169. (124) Nelson, L. L.; Lo, F. K.; Rae, A. D.; Dahl, L B. Organomet. Chem.

(119) Jayasooria, U. A.; Anson, C. E.Am. Chem. Sod986 108 2894. 1982 225, 309.



6510 Inorganic Chemistry, Vol. 37, No. 25, 1998 Kettle et al.

studies of simple carbonyls into the cluster area. Such attemptscluster carbonyls far too complicated for there to be any hope
are largely frequency-based. That is, force constant data areof a normal coordinate analysis treatment. About 80% of the
used to predict frequencies. Intensities are afforded a muchexamples that we cite conform reasonably well to the simplest
lower priority—at best, they are an output, not an inpahd form of the SHM—the prediction of a single infrared peak. None
so it is often not clear whether the predicted band intensities of these cases could be the subject of a normal coordinate
(and these are almost unknown for the Raman) are in such goodanalysis.

accord with the data as a set of frequencies and force field
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