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rather unique opportunity for studying that age-old, yet still controversial, 
esperimental/theoretical problem of metal-atom to metal-cluster to bulk-me- 
tal transformations. This type of research coulcl lead naturally to an answer 
to the question of how many metal atoms and which geometric arrangements 
are rcquirecl by a finite metal cluster for it to display properties representative 
of the hulk metal phase (e.g., ionization potential, cohesive energy, clcnsity 
of states, banclwiclths, optical spectra, etc.). 

More recently, cryaplwtochemical techniques have been developed which 
(i) allow a more controlIed synthetic approach to mini metal clusters [%I, 
(ii) have the potential for tailor-making small bimetallic ctusters (mini alloy 
clusters) [%j, (iii) permit the determination of relative estinction coefficients 
for naked metal clusters [ 9~1, and (iv) allow llClkeC1 duster cryophotochen~ica1 
esperiments to be conducted in the range of just a few atoms or so [%I]. 

Selective interactions of these small metal clusters, AI,,, with ligands, L, to 
yield M,, L reactive intermediates, which are designer1 so as to bear a logical 
relationship to L chemisorbed on the corresponding hlk metal, M, have also 
been generated by these methods 141. These finite cluster compleses can be 
considered to be ideal chemisorption models for use in testing “localized bond- 
ing” aspects of c!lemisorption (establishing boundary conditions) and for deci- 
phering UPS data and vibrational HREELS data for chemisorbed L on buik &I. 

The naked clusters and chemisorption models chosen for cliscussion in this 
paper arc the recetltly-synthcsi;ed ancl cryocllenlicall~~-ilntllol~ili~ecl few-atom 
systetns Al,, and AI,, ( C2H_,),,, , where Iv1 can be Co [ 10,131, Ni [ 11,141, or Cu 
[!%!,12,15] ()z = 1, 2, 3 and IPZ = 1, 2), and tt, rn can be systematically varied 
by way of metal-atom and ligand-concentration studies. For most of these 
small cluster systems, vibrational and UV-visible absorption spectral data have 
been collected. Whenever possible, the results will be discussed in the light of 
related Self Consistent Field Xcx scattered Wave molecular orbital (SCF-X~Y- 
SW) and General Valence Bond Configuration Interaction (GVB-CI) molecu- 
lar orbital calculations, and bulk-surface spectroscopic investigations. 

B. NAKED MIETAL CLUSTERS 

In view of the brevity of this review, detailed experimental discussions and 
theoretical interpretations have been omitted. Original papers are, however, 
referenced for clarification. To illustrate the cluster methodologies employed, 
representative systems have been judiciously selected and salient points have 
been emphasized. 

The group VIII transition metals are renowned for their pewasive hetero- 
geneous catalytic activity, particularly involving organic molecules [ 161. Typ- 
ically, olefin catalysis involves coordination of the unsaturated organic ligand 
at a single or multimetal surface site, followed by reactions often not ob- 
served for the free olefin; olefin isomerization, disproportionation and oligo- 
merization proviclc familiar esamples. Concomitant activation of small inorg- 
anic molecules (e.g., Hz, CO, 01) along with the organic substrate leads in 
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these cases to hydrogenation, carbonylation/hyclroformylation, and osiclation, 
respectively, of the organic ligand. Such catalysis remains the basis of more 
than 90%. of commcrcia1 chemical processes. 

Since the energy crisis has arrived, the petrochemical industries are inten- 
sively searching for alternative sources of energy and new ways to conserve 
existing energy and resources. One way of achieving such conservation is to 
improve the present understanding of existing heterogeneous catalyst systems, 
hoping thereby to gain greater product selectivity [ 171. Ultimately, designed 
synthesis of new and better catalyst materials should evolve. A strategic move 
in this direction involves the iiivestigatioii of metallic and himetallic clusters 
in the few-atom regime, with the aim of estencling the knowleclge gleaned 
from microscopic systems to the macroscopic situation found in real, working 
particle catalysts. Chemical immo1~ilization of these ultm-small metal nggre- 
gates could lewd to materials with extremely potent catalytic properties. The 
metal aggregates Co,,, Xi,, and Cu,, wi11 serve we11 to illustrate the type of 
it~formatio~~ that may be extracted from studies of very small clusters, and 
the potential of the approach for elucidating the behaviour of their bulk parti- 
cle analogs. 

(i) Nuked cobalt clrcsters 

The cryodeposition metal atom technique for generating and identifying 
small clusters, as observed via their optical spectra, will be illustrated by 
reference to the cobalt system [ 10,131. In brief, the optical spectrum of ma- 
tris-isolated cobalt atoms was first reported by Mann and Broida IlS] in 1971. 
SlightIy earlier, Kant and Strauss [191 (19G6) observed the mass spectrum of 
Co atoms and Co? in ec1uilib~i~lm with liquid cobalt, and reported a bond 
dissociation energy for Co2 of 39 f 6 kcal mol-‘. Cooper et al. [20] in 1972 
made use of the D, data in an Extended Hiickcl Mo!ecular Orbital (EHMO) 
study of Co:! and concluded that partially-filled 3d orhitals can contribute to 
metal-metal bonding. Other than the studies mentioned above, little else was 
known about Co/Coz, and no information existed for Co, or higher Co,, clus- 
ters. 

Various approaches were adopted in a systematic search for dicobalt and 
higher-cobalt cluster optical absorptions. Evidence for cobalt atom aggrega- 
tion at the “few-atom estreme” first came from a comparison of our optical 
data for Co/& = l/10’ mixtures recorded at 4.2 ic and at lo-12 K (see 
Fig. IA, B). A differential of -6-8 K in this cryogenic temperature regime 
was sufficient to cause the dramatic appearance of an entirely new set of 
optical absorptions in the regions 320-340 nm and 270-280 nm (Fig. lA, 
B). Clearly, an overlap problem existed for some of the new lines (and 
caused confusion in our initial survey of the spectra of atomic cobalt) but it 
soon became clear from their temperature, cobalt concentration and matris 
depenclence that one was observing the embryonic stages of cobalt cluster 
formation. Using a Co/matrix ratio of -l/10“ and 10--12-K deposition condi- 
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Fig. 1. The ultraviolet-visible spectra of Co/k 2 l/10’ mixtures deposited at f-4) 1.2 K, 
(B) 10-12 K,(C) 20 E;,(D) 25 K (E) 30 K, snd (F) 35 K, showing the gradual progression 
from isolnted Co atoms to Co/Co; tu Co/Co-/Co-, mixtures (ref. 13). 

tions, one observes a monotonic decrease in the absorbance of the spectral 
features attributed to the first stage of the clustering process, as one passes 
from the more-mobile Ar matris to the less-mobile, more-rigid krypton and 
senon matrices (see Fig. 2A, B, C). This intensity ordering is entirely consis- 
tent with the more pronounced quenching efficiency of the more-polarizable, 
high-atomic-weight inert gas matrices and leads to the a priori assiwment of 

dicobalt optical transitions fisted in Table 1. 
The effect of deposition temperature on the ability of cobalt atoms to form 

small cobalt clusters is most revealing in terms of both optical assignments 
and activation energy considerations. A series of runs with Co/Ar ratios 
x1/10*, deposited at 4-2, 10, 20, 25, 30, and 35 K is depicted in Fig. 1, part 
A-F, respectively. Between 4.2 and 10 K, the first stage of the cobalt-atom 
aggregation sequence of reactions makes itself apparent (Fig. IA, R). On pro- 
gressing to 20 K, a marked decrease in the cobalt atomic resonance lines rela- 
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it;‘& 2. The illtraviolet-visible spectra or Co/mntris = l/10’ mistures deposited at 10--l!? K 
in Al-, Kr and Xc (ref. 13). 

Live to the new dicobalt spectral lines at 340, 320, 2SO and 270 nm is already 
noticeable (Fig. 1C). On moving to 25-30-K deposition conditions (Fig. lD, 
E), the effects observed at 20 K are considerably more pronounced but, 
significantly, the second stage of the cobalt clustering process is beginning to 
estsbhsh its presence, as witnessed by the growth of a new set of optical 
absorptions at approsimately 297 and 316 m-n with different growth/decay 
characteristics from those associated with Co and Cal. The most dramatic 
realization of the presence of this third cobalt species is seen in the 35-K depo- 
sition (Fig. lF), where the strongest cobalt atomic resonance lines have essen- 
tially decayed to zero; almost equal absorbances of dicobalt and the third 
cobalt species remain, and dominate the optical spectrum. Clearly the growth 
behaviour of this new cobalt species suggests an association with tricobalt. A 
large number of temperature and cobalt concentration f 211 matris esperi- 
ments were performed and generally supported the contention of three dis- 
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Oherved and calculated (SCF-X~X-Sib’-MO) optical spectrum ol‘ dicobalt, Co2 
-.. 
Obscrvecf (nm) [ lo,13 1 CnIclllntcd Assignment c,ci 
- ( flrtl ) *Lb-d 
Ar Iir xc c1r.q 

_ .__ 

3-10 c 321 - 3.15 
353 
355 

2(Jg:+ ‘- 2ii” 

lU, +-.%2x Ll 
320 312 32s 325 354 1u,+ .-- 3u,+ 

SSO’ 28-1 290 283 305 1u ‘-‘2ti + It 11 

_.. ., __ 
iI ')(Jg* ‘- 2Urt+ c:llcul;~tud ilt -1S-1 ntn, which is in the region ol estrcmely we:tk akorptions, 
possibly associatctl with Co?. b C0billt-CUbillt bonct Irt1gt.h = 2.32 f\. c GKWHd Strlte COll- 

figuration (ZU,)~(lii,~~(ltr,)~(~u,)‘(16,)J(lr;,)’. cl Pre6minary vrttues othined from 
ground-stde transition energies; cfct:tileci sl,ili-~ilrestrietetl, transition-state calculation 
will be reported later [lo]. C Narrow band, continuous photoexcitation in thcsc txmcls 
CilllSeS photoblcaching OF all Of the dicoholt absorptions, 

tinguishnble, small cobalt cIuster species, ascribed to Co, Co?, and Coj_ 
To coml~lement these data we have calculated the eIectronic energy levels 

for Co,, and fur linear and non-linear Co, using the SCF-XwS\V molecular 
orl,itnl proccdurc [lo]. Preliminary spin-L~nrestricted calculations of the opti- 
cal spectrum for dicobalt were found to agree quite well with the observed 
spectra, as seen by reference to Table 1. Partial wave analyses showccl that the 
s-band overlaps the d-band in Cal, (as in Co metal itseIf), leading to significant 
4s character in the formally 3d-derived 10: orbital and to 3d character in the 
formally k-derived 20,’ orbital, suggestin g the cluaiitative conclusion that the 
bond in Co? has a significant ci-contribution. From data of this type one can 
begin to appreciate the early CIW~lOptIIelit of the cfsl:, orbital structure of 
larger cobalt clusters and the genesis of the band picture and optical proper- 
ties of cobalt metal itseIf. Of significance here is the already close approach 
of the absorption spectrum of Co, (316, 287 nm) to the proposed optical 
transitions reported for massive Co particles and bulk Co films, which show 
maxima around 250-325 nm [ 22). 

(ii) Naked copper clusters 

Rather than exclusively attacking the nucleation problem by the more 
common metal-atom (single- or two-component) cryodeposition and bulk 
matris annealing techniques, the limitations and strengths of which have both 
been adequately documented [ 41, we have searched for a more controlled 
and, hopefulIy, more versatiie photochemicai approach for the generation and 
study of very small naked metal clusters. A promising method which we have 



recently discovered atld termed “cr_vclphoto~Iust~~i~l#‘~ is presently showing 
great potential for achieving cluster size distributions not hithert 0 wxxssible 
by conventional metal atom tcukniques [ 91. The trick essentially involves 
tXK~OW-bZI1lCi, CO0tillUUUS ikTrtC~i~tion illtU the atomic rosotlance nhsorptions 

of matr-is-cntrappd mcta.ti atoms_ One envisages atomic escilation, some t’fon- 
mdhtivc electronic-to-lattice phonon mergy tfansfeu, locat was-ming ~wd soft- 

ening of the surrounding matris cage, atom photom.~l~ilization (b~xlli diffn- 
sian) :mcl subsequent phatcwggregation to diatumic and higher metal clusters. 

[ 441, Cluster sizes are envisaged to be dependent on metal concentration, the 
matrix materiaf . matrix temperature, excitation wavefength and light intensity. 
In t~racticc, one ohsu~~os a highly controtlttd and selective photoclustering 
phenomcnan which appears to lx ainennhlc to analysis by conventional solid- 
state diffusion kinetic theory [ 9u,23]. Cluster size determination appears to be 
possible using these methods [9c,231. An additional bonus of the photoaggre- 
gation method is its ready estunsion to bimetallic cluster systems, in which 
pfrotosckctive clustering has ah--oady beun demonstrated for the two combina- 
tions Cr/Rlo/Ar f9bf and CrJAgJAr pq, as wcil as others [43f. 

In the contest of this discussion, the uoppcr system [ 121 will serve to iIlu- 
Stl’ate the cryophotoaggrcgation phenomenon [9dl. Its extension to the selec- 
tive cryopllotouhemistr~~ of Cu2 will also be discussed, SCF-Xa-S\Y calcukt- 
tio~ will be employed ta help rationalize the optiwl spectrum and matris 
photochemistry of Cu z [ 9d] _ 

-4 typical series of optioaI spectral traces which illustrate the cryophoto- 
chemistry of Cu atoms is shown in Fig. 3, For instance, Fig, 3-4 shows the 
nbsorptions of isolated Cu atoms in the presence of small amounts of C!u2 ~nJ 
traces of CuJ molecules, obtained after a deposition with Cu/Ar “- l/W at 
12 K [9d,l21. Under these conoentration conditions the outcome of 300~nm 
nar-row-band photocscitat;ion of atomic. copper is photoaggregation rr1-1 to the 
Cu, stage as depicted in Fig. 33, C. The gxowth-ctecay behaviour of the various 
cluster ahsol’ptioiis allows one to uneqttivoually pillpnaint ult.raviolet-visible 
electronic transitions associated with Cu2 and CLI_~ (Fig. 3B, C). 

\Wh the distribution of Cu, _z.3 flusters shown in Fig. 3C, one can turn to 
370-nm narrow-band escitntion, and thereby test the feasibility of selective 
photodissociation and nucfeation events associated with dicopper itself- For 
esak-npfe, the outcome of 30 minutes continuous irnxdiation of Ctl.2 iS illtt- 
strated in Fig. 3B. The growth (-10%) of the Cu atomic resonance lines is 
immediately apparent from these opticul spectra. The concomitant gr*otutjz of 
Cu, and decay of Cu, under these matrix concentration conditions is also 
noticeable_ 

The spectral effects described above point to a clear-crrt case of a Cut pho- 
todissociation process, localized within the confines af the surrcxu~ding matrix 
cage, as one of the non-radiative energy AantieIs preceding Cul photoescita- 
tion. The energy available at 370 nm (3.35 eV) considerably exceeds the gas- 
phase (mass spectral) bond dissociation energy of Cu? (l-95 + 0.09 eV) [25]. 
Presumably part or all of this excess energy appears in kinetic form as a trans- 
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fzic. 3. ‘2%~ optical spectrum of 3 Cu/Ar :- l/10 misture deposited at 12 K: (A) showing 
isolated Crt atoms and CLIP molecules with a trace 01’ CL~J; (B) and (C) after 30 and 30 
minutes, rcspcctiveiy, of 300-nm narrow-lxinri continuous photoeseitntion of the CU 
‘s,c 4 1p _1,1 , 12 resonance line, showing photoaggregation to the CU r.k.3 stage; (D) after 
30 minutes 0?370-nm ni~rro\\~-bnnd continuous photoescitntion of the lowest e~lergy 
absorption of Cu2, showing photodissociation to CL! atoms and rurthcr aggregation to CUE. 

SCF-SCY-SW optical :tssignmcnts for Cl12 (and -4~2) are included in Table 3 (ref. 9d). The 
I.~aturcs marked “a” are thought to arise From secondary trapping sites ol Cn7_. 

fationnliy-mobile Cu atom ejected from its mntris cage, culminating with Cu 
atom isolation and formation of higher clusters such as Cu3. Concurrent pro- 
cesses that must ako be considered during Cu2 visible photolysis will be 
described in another paper. 

Cu2 is particularly suited for eryophotochemistry esperiments For two 
reasons. First, its spectra have been rather thoroughly studied, both in the gas 
phase at high temperatures 1261 and in inert-gas matrices at low temperatures 
[ 9d,12]. Vibration-rotation analyses of the gas-phase spectra have produced 
precise values for the 0 + 0 transition energies, metal-metal stretching fre- 
quencies, and, for CUE, the internuclear distance (2.2195 A). Dissociation ener- 
gies have been obtained from mass spectra f 251. The assignments proposed 
for the esperimentaliy-observed eIectronic transitions and from simple MO 
calculations of the estended-Hiiekel or CNDO type [ 20,271 serve as a guide 
to selection of transitions for the photochemical studies. 

Second, the inherently simple electronic structure expected for Cu, further 
aids the design and interpretation of the photochemical esperiments. The 
metal-metal bonds should largely involve simple pairing of the s electrons on 
the two d” s’ metal atoms. One of the lowest-energy absorptions should there- 
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fore involve escitation from the bonding so, to the antibonding su,, orbital. 
Although in the gas phase simple photodissociation is the likely outcome of 
such excitation, a much larger number of photophysical and photochemical 
events can he envisaged in the matris. Our interpretation of the results of irra- 
diation at 370 nm suggests that the SUM -+ so, transition of Cu? does lie in this 
region. Let us now turn to the salient features of our SCF-X~U-S\I’ calculations 
foi Cuz, which provide an interpretation of the electronic spectrum and help 
esplain the observed photochemistry [9dJ. 

The efficient use of the real XCX-S\V density to calculate the total energy 
remains an unsolved problem, although notable progress has been made [as]. 
The one case where the present approsimate total eneqzy should yield a rea- 
sonable potential curve is where the bonding is mainly due to interaction of 
s orbitals, that is, spherically-symmetric! densities around each z’iom. The com- 
parison of our calculatecl potential curve for Cu2 (and Ag2) with experiment, 
shown in Table 2, confirms that this hypothesis is correct. The metal-metal 
stretching frequency, reflecting the shape of the potential curve, is calculated 
to within 6 cm-’ of the esperimental value. The bond distance for Cu2 is 
within 0.05 A of the esperimental value. The dissociation energy for Cu2 is 
slightly high: this quantity is known to be especially difficult to calculate from 
first principles, using even the best one-electron total energy methods. For 
Cu, we used the experimental distance of 2.22 A to discuss the eq~lilibriLln1 
one-electron properties of the molecule. The orbital picture that emerges from 
these calculations is shown in Fig;. 4 (the scheme for _4g2 is included for com- 
parison). The bound valence orbitals include, in order of increasing energy, 
the sis completely-filled u, 71 and F bondin, m and antibonding d-band levels, 
the s-band with an occupied u-bonding and an empty a-antibonding level, and 
empty sr and u bonding levels from the p-band_ 

The s-band overlaps the upper part of the d-band in Cuz. The d-like 10, and 
In, levels are thus the highest-occupied levels in Cu2. As can be seen from 
Fig. 4, this is a consequence of the small separation of the cl and s atomic 

TABLE 2 

Equilibrium bond distances, metal-metal stretching: frequencies, and dissociation energies 

For Cul and Agz a 
_. .-- . ..-_- 

r, (.%) v(lU--M) (cm-’ ) D,(kcal/mole-‘) 
__...- - 

cu2 
Calculated c 2.17 272% 5 6G 2 1 

Experimental 2.22 b 266 c 4522d 

&3 
Calculated ’ 2.64 18i 5 2 36 F 3 

EsperimentaI ? 192 = 3sfc-z” 
___.. _ ._. . . . . __, .- _. __..___ -_. _._.._ .________.____-. -_____-_ _. . . -. _ . ._ __._____ 

a Where estimated errors are not indicated, they are smaller than the last figure tabutated. 
b Ref. 29. c Ref. 26. d Ref. 25. e Ref. 9d. 
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molecu!ar levels most closely col-relating with atomic cl, s and p levels are indicated (ref. 

9d). 

levels in Cu. It Ieads in CuL to significant mising of 4s character into the 
formally 3d-derived log orbital, and of 3d character into the formally 4s- 
derived 20, orbital. Figure 5 provides a pictorial representation of the 20, 
and 2u, wavefunctions for Cu2 and Ag,. 

The symmetry of the occupied-orbital manifolds alone dictates that there 
is a net single bond of u type in both molecules. The relative d-s-p character 
of this net bonding turns out to be 73% s, 17% d, and 10% p for Cu, [9d], 
and 91% s, 1% d, and 8% p for Agz [9d]. A reasonable qualitative conclusion 
is that the bond in Cu2 has a small but significant d contribution whereas that 
of Ag, is essentially pure s _ 

Table 3.shows the assignment of the electronic transitions of Cu-. observed 
in the gas phase at 2000-2300 K and in solid argon at 12 K. The calculated 
positions specifically represent the singlet (spin-allowed) components and 
include orbital relaxation between ground and excited states. 

For Cu, there are broad, visible absorptions and a number of sharper UV 
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TABLE 3 

Calculated and esperimental electronic spectra of Cuz and Agp (X lo-’ cm-’ ) 
__._.._.. . . _ . _ . . .-.. --... - 
Transition Calculated a Espcrimfntat 

__.--. 

Gss b ArfBd,12] Kr[Sd] Se[Sd] 
-_ . _._- 

Cl12 

Iiig - au, 24.1(0.02) 20.4 25.0 25.0 25.0 
2fJ, -+ 20” 26..5(0.32) 21.7 27.0 25.0 2’i.S 
lxg - 2ii,, 35.2(0.15) 38.2 3’7.0 35.1 
2UE - 2ii, 35.261.02) 41.7/42.4 41_5/.12.0 -lO.S/? 1 .o 
16, - 2Ti ” 39.3(0.13) -13.1 42.7 -11-i 
10, - 20, 39.QO.36) I4.S 44.0 -13.1 
IQ,, - 30, -13.7(0.03) 

As= Gas Ar[lfn,d 1 Krf 9.?,d ] XYC [ 9i1,d ] 

“ug - %I, 22_0(0.64); 25,‘7(0.63) 23.0 24.3125.8 25.6 25.6 
20,. + 2Tiu 33.2(1.33); 33.6(1.35) 3ci.6 37.S/38.3 35.5137.0 3-I-5135.3 
17g - 20, 43.5(0.03); 45.6(0.04) 40.2 -&4.1 45.0 46.1 
-.-... _. . _ __I 
a All spin- and dipole-allowed transitions below 48 and 51 X 103 cm-’ for Cu? and Ag2, 
respectively [Qd J_ For Agz. the first value is for 2.S4 and the second for 2.4’7 .x. Oscillator 
strengths are given in parentheses. b 0 -0 transitions, from ref. 26 for C!u~ and from ref. 
42 for Ao?_ The weak B - S and D - X bands of Ag, at 35.8 and 39.0 x cm-’ , believed 
to Be due to forbidden transitions, arc omitted. 

ahsorptions in the matris spectrum (see Fig. 3) [9d,121. The visible ahsorp- 
tion appears to have two masima near 25 ancl 27 X 10” cm-‘, corresponding 
to the matrix-shifted A t- X and B - X systems observed in the gas phase (see 
Table 3). The UV region displays maxima near 38, 42 and 44 X 10” cm-‘, 
with distinct shoulders at 41 and 43 X 10” cm-’ [9d,12]; there are no corre- 
sponding data for the gas phase. The calculations again predict transitions in 
cIose correspondence with esperimental obsewations. The A - X and B +- X 
systems are assigned to dx* + sul and so + so* transitions, respectiveIy. This 
agrees with the conclusion, from the vil~ratioll-rotatio1~ analysis of the gas- 
phase spectrum, that A - X is of ‘Ci - ‘xIT, and B i X of ‘Z; + ‘XL type [29]. 
Moreover, the observation [303 that gas-phase B +- X is stronger than A - X 
agrees with the predicted symmetries (u -+ u* compared to x* -+ o*). It is more 
difficult to assign the five observed high energy maxima to individual transi- 
tions, even though five are predicted in this region. Based on calculated posi- 
tions and intensity considerations we assign the UV bands of Cu2 (and Ag2) 
according to the scheme shown in Table 3. 

The critical feature of these assignments relating to our photochemical 

experiments is that the wavelengths used for photoexcitation are essentially 

those of the 20, -+ 20, transition, that is, the so -+ sa‘ excitation which 
should be capable of disrupting the metal-metal bond. Thus, the observed 
formation of Cu atoms as one of the products of 370-nm Cuz photoexcita- 
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tion is consistent with predictions from the SCF-Xc&W calculations [ 9dl. 
With atomic and diatomic photoselectivitv at hand, one can begin to con- 

sider the exiting possibility of estending the method to the photochemistry 
of higher naked cluster systems by simply performing narrow-band irradia- 
tions into carefully-chosen molecular absorptions of RI,, as a function of )z. 
if generally applicable, the method offers the unique opportunity of observ- 
ing ‘“naked cluster transformations” and generating “naked cluster distribu- 
tions” which cannot be approached by any other known physical or chemi- 
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Fig. 5. Contour maps of the wavefunction for the mainly s-bonding and mainly s-antibond- 
ing orbita1.s of Cuz and Agz at 2.22 and 2.84 fi. Note the significant amount of d-character 
in the 20, orbital of Cuz (ref. 9d). 
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cal technique or probe. Moreover, an insight into cluster exited states by 
way of predicted cluster transformations may be an additional bonus of the 
method (photoisomerization, photodissociation, photoaggregation, photo- 
ionization, etc.). The significance of these studies in the fields of organometallic 
cluster photochemistry, photocatalysis, and photography, to name but a few, 
could prove to be considerable. Photoselective smtering techniques may even 
emerge from such investigations which, if rec.1 q’lzed, could have a considerable 
impact on the future development of a ile\v generation of supported catalyst 
systems, 

C. OLEFIN CHEMISORPTION MODELS 

Often, the theorist who wishes to gain an insight into the geometrical, elec- 
tronic, bonding and chemical properties of surface reaction intermediates, sim- 
plifies the comples surface problem by representing the active site in terms 
of a finite chemisorption model of the form h?,,L, where M,, depicts a cluster 
of metal atoms (whose size and shape can by systematically varied) intcract- 
ing with a chemical entity L (which may be atomic, free radical or molecular) 
[ 5,6,31]. Of central concern to the validity of this “localized bonding” 
description of adsorb&e-adsorbent interactions is the convergence behavior 
of the calculated molecular and electronic properties of M,L with respect to 
the bulk chemisorption situation per se. To assess the usefulness of finite 
cluster representations of bulk chemisorption phenomena, one would ideally 
like to synthesize and spectroscopically (and if possible chemically) evaluate 
a reasonably large cross-section of “super-coordinatively unsaturated” M,, L 
chemisorption models as a function of metal cluster size n [4]. 

Until very recently, only very limited vibrational and electronic spectral 
data existed which were common to both the M,,L and h?(L,,,) systems. How- 
ever, with the emergence of High-Resolution Electron Energy Loss Spectro- 
scopy (HREELS) as a powerful new probe for studying surface atomic and 
molecular vibrational [ 321 and electronic excitations [ 331, it now becomes 
feasible to bridge the “fuzzy interface” between finite hl,,L and bulk M(La,,) 
systems. In principle, meaningful assessments can now be made of the estent 
of localization of metal-ligand interactions in the vicinity of a chemisorption 
site. 

Homogeneous and heterogeneous catalytic reactions involving transition 
metals and olefins are extremely widespread 1341, and this has recently stimu- 
lated considerable interest in metal atom-olefin cryochemistry on both a 
matrix spectroscopic [4] and macropreparative [35] scale. Although considcr- 
able emphasis has been placed on the metal atom-olefin chemistry of the Ni, 
Pd and Pt [4,35] triad, not a great deal is presently known about the corre- 
sponding Co, Rh and Ir group of metals. 

In this brief report, matrix synthetic and spectroscopic information for a 
number of new binary cobalt/ethylene complexes is presented [ 131. Both 
mononuclear CO(C&L)~, binuclear Co,(C,H,),, and a possible tetranuclear 
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Co,(C2H,),, species have been reasonably well characterized from these studies; 
their convergence behaviour towards CrrHJads is scrutinized and discussed. 
Comparisons between these cobalt species [ 131 and the recently-reported 
nickel analogs [14] have proven to be particularly enlightening in terms of 
analyzing vibrational and electronic spectral trends, and for cross-checking 
earlier stoichiomctric, structural and spectral assignments. 

In comparison to the nickel atom-ethylene system [14], the cobalt atom/ 
ethylene system appeared at first somewhat confusing, due to the facile ma- 
tris aggregation of atomic cobalt [lo] as opposed to that of nickel 1111 and 
the prevalent overlap complications of vC=C and XX-I2 modes of a number 
of the cobalt/ethylene complexes. These xvere only discernible with the aid of 
‘2C2HI,/‘3C2H, mised-isotope substitution and careful concentration and bulk 
annealing esperiments. The end result of an extensive series of experiments 
is therefore summarized in Schemes I and II. Some representative infrared and 
UV-visiblc spectra are shown in Figs. 6-9, which have self-explanatory cap- 
tions. 

Evidence from the infrared spectra in pure C,H, and C,H,fAr matrices 
demonstrates that it is possible to synthesize two mononuclear CO(C~H~),_~ 
and two binuclear Co2(C2H,),., binary cobalt-srethylene compleses with the 
following structures 

CO-II ii-co- If II-co-co II-co-co-II 
(1) (II) (I’) (II’) 

In the contest of the proposed dimerization 2 Co(C,H,) + CO~(C~H~)~ it is 
interesting to consider the reactions that have been discovered on controlled 
ethylene sublimation from a pure ethylene matrix containing mainly Co,- 
(CIHJ),. After a cobalt atom deposition with pure CIH, at l/10’ ratios and 

Scheme I. Dilute matrices. 

IRf 

UVC 

& 12 K <deposition) 

co”+co~ IL + Co(C2Ha) c + {.CO(C~H~)~ ) b + Co2(C2H_,) c 

1 12-W Ii (bulk annealing.) 

CO(C~HJ)~ + {CO(C~H~)~) b + CO~(C~H~)~ + CO~(C~I-I~)~ c*d 

150-I 1465 lJS4 1545/1509 
1224 1222 1204/1190 125011238 

375 - 280 -240 - 225 

a Seen in the UV-visible (ref. 13 and Figs. 10 and 11). b Seen in the l/20-1/50 range: 
highly dependent on deposition conditions. No isotopic confirmation (see ref. 13). c 
= “CIHJ[ ‘3CzH~[(Ar) isotopic confirmation. d Predominates at high Co concentrations 
and after 35-K bulk anneaiing experiments. e { ) braces indicate minor products under 
these reaction conditions. f In cm-1 _ g In nm. 
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Scheme II. Pure ethylene matrices. 

Co -I- CzHj 

15 K (deposition low 
Co concentration> 

3 15 K (deposition: 
high Co concentration) 

+ 

CdGH~)z 

I 80 ii (ri*ntroIIt~d C2HJ 
sublimaticm) f + 

COl(C?_I_I‘J)1 b (WGH.a 1) a ~CWbHa)) a 

I 

90-100 K (tvurming unisolntcd 
complex under dynamic 
VWXtUm) + + 

Co.a(GH.z),, b CO= co= 

?Kd 
1 

llQ0 1220: 150 K (warming 
under dynamic vacuum) 

WAGHa Lt 

Iii dll484 1200: 190--200 Ii 

a { } braces indicate minor products under these reaction conditions. b ‘2C2H~/‘3C:!H~ 
isotopic confirmation. c Seen in the UV-visible spectrum. d In cm-‘. 

40-50 K, If’ is the dominant product with a trace of 11 (see Figs. SC and 9A). 
When the matrix is slowly warmed to 75-80 K, 11’ is the only detectable pro- 
duct after the C!,H, matrix support is allowed to slowly sublime away into the 
vacuum system. A remarkable spectral transformation is observed on allowing 
II’ (adhering to the low-temperature optical window) in its “non-isolated” 
state to slowly warm to 90-100 K under dynamic vacuum conditions. The 
molecular conversion of II’ to a new species I” (illustrated in Fig. 9A, R) was 
complete by 160 K. 

In view of the spectral transformation of II’ to I” and the suggested mono- 
ethylene stoichiometry for I” (‘2C,H,/‘3C,H, studies), we are tempted to spe- 
culate that the dimerization reaction 

Co,fC#,)~ + Co&&H,), 

(II’) (I”) 

has occurred, probably with I” adopting a pseudo-tetrahedral structure 

T 
,k ll-co+-~co-li 

I = 
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Fig. 6. The matrix-infrared spectrum of Co atoms deposited with “CzH4/Ar : l/50 mix- 
tures, with Co/&- - l/10“ , at: (A) 12 K, (B)--(D) after warming to 25.35, and -IO K, 
respectively, and retooling to 1 2 K for spectral recording. (E) refers to unreacted 12C2H~ 
in the matrix, and I = Co(CzH4), I’ = Co2(C2H4) and II’ = Coz(C2H4)2 (ref. 13). 

and with minimal vibrational coupling between the coordinated ethylenes 

1361. 
The loss of signal for I” at 190-200 K could represent the cluster decom- 

position reaction mCo,(C,H,), + 4 Co,, + nmC,H,, analogous to the decom- 

position observed [15] for Cu,(C,H.),,. 
Esamination of the optical spectra of cobalt atoms deposited into dilute 

CJ-IJAr mixtures at 12 K always shows the presence of dominant cobalt atom 
absorptions. Atomic Co can be seen even in a matris with C,H,/Ar z l/10 
after deposition at 12 K (see Fig. lOA, and compare with Co/Co,/Ar shown 
in Fig. lA, B). Under these conditions the infrared spectrum shows mainly I, 
I’ and a trace of II. Matrix annealing to 25 K reveals the growth of a molecu- 
lar absorption at 375 nm ascribed to I (Fig. 10B) in the presence of the 
atomic cobalt absorptions- Further annealing to 30 K induces collapse of the 
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Fig. 7. Similltr esperiments to those illustrated in Fig. 6, except that “C~HJ/‘~C~HJ/A~ 
1 l/l/SO mixtures were used (ref. 13). 

atomic cob& spectrum and the exposure of a new broad absorption centred 
around 240 nm and ascribed to I’ (Fig. IOC). The choice of assignments 
for I and I’ was hased on a series of Co/C,H,/Ar concentration and bulk 
annealing experiments, with close reference to the corresponding infrared 
observations_ The breadth of the 240-nm I’ absorption was shown to arise 
from an overlap with the absorption due to II (280 nm) which is expected 
to be present under these conditions. The assignments for I and I’ at 3’75 
and 240 nm seem quite reasonabie in view of the similar trend f141 obseklred 
for Ni(C,H,), 320 nm/Ni2(C,H,), 240 nm; and for Cu(CIH,), 382 nm/Cu,- 
(C2H3),z, 240 nm (see Table 5). 

Aside from some inhomogeneous band-broadening effects and loss of fine 
structural detail, the spectra of atomic Co in mixtures with C,H,/Ar 2 l/10 
are essentially identical to those observed for pure argon matrices_ The absence 
of Co: in Fig. 10 (parts A and B) is noteworthy in that it implies the main 
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Fig. S. The matrix-infrared spectrum of Co atoms deposited with “C2Hq at 12 K, with (A) 
CO/C~HJ = l/10“, (B) Co/CzH., 2 l/10-‘; (C) deposited at 40-50 K with CO/C~HA r l/10”. 
(E) refers to unreacted ethylene, and I = Co(C2&), I’ = CO~(C~HJ), II = CO(C~HJ)~ and 
II’ = Coz(Cz H.+)z (ref. 13). 

pathway to I’ is via route f z; rather than 1~~’ in the following reaction network 

Co “’ *Co(C,H,) aCo(C2H& 
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Fig. 9. (A) The same spectrum as shown in Fig. SC; (B) the same spectrum as Fig. SC, but 
using 91% i “COHN; (C) the spectrum obtained after controlled “CIHJ sublimation at 
75-SO K from the matrix in (A) and further warming to 90-100 K, showing the trans- 
formation of 11’ = CO~(C~I&)~ to I” = Co4(CIH4),, (ref. 13). 

The generation of detectable quantities of Co, in the presence of Co 
becomes apparent in matrices with C,H,/Ar = l/50, an esample of which is 
shown in Fig. 1lA. Considerable insight into the competing diffusion-reaction 
processes occurring in these mistures can be obtained by surveying the UV- 
visible spectral alterations which ensue in these l/50 matrices during 12-40-K 
bulk annealing experiments (Fig. llB, C). In essence, atomic Co is consumed 
rapidly (compared to identical experiments in pure Ar matrices [lo]) and Co2 
maintains an approsimately steady-state concentration up to about 35 K and 
then gradually decays around 40 K, at which temperature detectable amounts 
of Co, (316, 287 nm) [lo] and Co,(C,H,) (I’) begin to appear. Under these 
conditions, the expected formation of I (375 nm) would be obscured by the 
intense low-energy absorption of Co?. Although interesting, these observa- 
tions cannot be used to distinguish between pathways h 1’ or k ,” as the route 
to I’. Clearly competing cobalt atom aggregation reactions accompany 
Co/C,H, complexation under dilute conditions (C,H,/Ar = l/50), whilst un- 
der l/10 conditions these nucleation events are more efficiently quenched. 

Having realized that substantial concentrations of atomic cobalt can be iso- 
lated even in concentrated C,H,/Ar mistures at 12 K, pointing to the esist- 
ewe of a small yet finite activation energy for Co/&H, complexation, it was 
not too surprising to discover that atomic cobalt could also be isolated in 
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Ii!-_ --------_-_c__ .___-. L_..._- .--.. .I __ ,___ . .._. 1 ..-. -.. 

2w coo 500 nm 

Fig. 10. The ultraviolet-visible spectra obtained on co-depositing Co atoms with C2%/Ar 
2 l/10 mixtures so that Co/k: l/10’; (A) at 12 K; (3) and (C) after warm-up to 25 
and 30 K, respectively, and retooling to 1 2 K for recording purposes (ref. 13). 

TABLE 4 

InFrared spectral data for 
vC=C and SCHz regions 
_-._ . _ _. _-. .---. . 

CO” 
(cm-‘) 

M(CzH_t),,, and Mz(CaH,),,, (where M = Co, Ni, tn = 1 or 2) in the 

-. .__.._” ._..._. _- . . -- 
NiZl 

(cm-‘) 
Assignment 

_- ..-. --- .--. ._ . ._ . __. ._. -. _ _ . . . __ -_- 

WGH4) 1504 1490 uc=c 
1224 1160 6CHz 

M(G H-t ):! 1465 1465 uC=C 
1222 1223 6CHa 

Mz(GHa) 14s4 1488 vc=c 
1204/1190 1208/1180 6CH2 

M2(C:!H4)a x545/1509 1504 vC=C 
1276/1250/1235 1232 6CHa 

____.. ._______ __.__ .__ . ..- --.-- --. ..- _._-._. _. -_- . . ..-_ --___ 

a vMC modes observed at 340 and 320 cm- ’ for C!oI(CIH~)a, and at 446 and 416 em-’ for 
NiZ(CzH+)r.:! sire in line with the greater thermal stability of the cobalt-ethylene com- 
plexes. 
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Fig. 11. The ultraviolet-visible spectra obtained on depositing Co atoms at 12 K with: (A) 
Cl&/Ar 2. l/50 mistures. showing mainly Co and Co?; (B) C?HG/Ar = l/10 mixtures, 
showing mainly Co; (C) and (D), the matrix shown in f-4) atIer bulk annealing at 25 K and 
-10 K, respectively, showing the rapid consumption of Co atoms, slower loss of Coz, and 
gradual appearance of Co3 and I’ = CO:!(C~HJ). Comples I = Co(Clii~), expected to absorb 
weakly around 3’75 nm. is probably masked by the low-energy Co? band (ref. 13). 

Fig. 12. The ultraviolet-visible spectra of the products formed when CO atoms are Con- 
densed with CIHJ matrices: (A) at 15 K; (B) at 25 K; (C) after warming the matris used 
in (B) to -10 K and rccooling to l- 3 K For spectral recording purposes; and (D) CO co-con- 
densation at 50 K (ref. 13). 

mistures with Co/CIH, 5- l/lo3 at 12-15 K (Fig. 12A). Remember that un- 
der these conditions compound formation has occurred, as indicated by the 
infrared observation that mainly II and II’ are present (Fig. 8 and Scheme II). 
This implies that the UV molar absorbances of unreacted Co atoms under 
these deposition conditions must greatly outweigh and/or overlap with those 
associated with II and II’. Cy gradually increasing the deposition temperature 
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TABLE 5 

U1travioiet spectral data a for M(CTHQ),,~ and Mz(C~H~&~ (where M = Co, Ni, or Cu, rzz = 
1 or 3) 

Complex co [ 13) Ni [14,38] cu [15] 

M(CzH4 1 375 320 362 
M( C2H4)a -as0 b 2so 276 
M2(C2H,) 240 
M2(CzHy)z 225 :’ 210 { 240 

a In nm. 
b Appears as a broad shoulder on the 240~nm absorption of Coa(CzH4). 

from 12-15 K to 25 K and to 50 K, the delicate kinetic balance which must 
esist between isolating (i) only Co atoms, (ii) Co atoms and Co/C,H, com- 
plexes and (iii) o&y Co/C,H, complexes, can be monitored and analyzed in 
terms of overlapping absorptions of II at -280 nm and II’ at - 225 nm (see 
Fig. 12AyD and Table 5). Collected together in Table 5, the optical assign- 
ments for both ~JI(C~H,),,~ and iv12(CII-IJ)I,~ (xhere &I = Co, Ni, Cu) appear to 
form a reasonable set. 

D. ELECTRONIC AND VIBRATIONAL SPECTRA 

In the cobalt/ethylene system, as now seems to be universal in binary tran- 
sition metal-z-ethylene complexes, the “mainly intraligand” infrared modes 
are relatively insensitive to both ethylene stoichiometry and metal cluster size. 
However, this does not seem to be quite the case for the metal-ligand stretch- 

TABLE 6 

Comparison of HREELS for C2H-r on Ni(ll1) with Ni,,(CzH*) chemisorption models 
______ ___ . _ __ _. _._.. _- ._._- 
HREELS = Ni(CaHq) Nia(C!aH+) Assignment 
CaH4/Ni(Z11) ArflO K Ar/lO K 
[37 I 1381 [ldl _ .._. _.-...-..- -. ._..___.__.. __ -. -... -. -. _ _.-_..._ _.._.. -.._-_ 
2940 2963 2880,290S vCHa 
2690 C @Hz = 
1500 a 1499 148s vC=C 
l-130 b b SCH~ 

1090 1160 1208,118O P&HZ 
sso 902 910 P&HZ 
440 376 416 or 446d VNiC 

_--- ~..-_- --._ -.-. _..__ -. . _ 
a Weak band observed around 1500 cm- ’ ; this could be a surface-dipole-forbidden ZJC=C 
mode. u Hidden under intense 8CHs mode of free CzH, in the matrix. c Softened YCHF 
surface mode. d One of these bands belongs to Ni2(C2&)Z. C HREELS = Hi& Resolution 
Electron Energy Loss Spectroscopy. 
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TABLE 7 

Comparison of HREELS for CII-I~ on Ni( 111) with CO,,(CIH~),,, chemisorption models 
__ ._ ,__ ._. . - _. . -- ----... -- _.-. . ___-. _. 

HREELS CozfCzH~)z Co&CzHq),z Assignments a 
C2H~/Ni(lll) 1131 iI31 
13’71 

$_ --‘-. ....-- . ---.- ._ 

3035ws11 

2940 

2690 
1500 
1130 
1090 

sso 

-I-IO 

3000m 
2900m 
2S76w 
- 

1514w/150% 
142ow 
12SGw112-1Swi123-ts 
- 

332w 
314w 

!2984s 
29-ISW 

I "SSSwbr 
- 

1.fIi$7/1492s 
14 1Gw 
1224/1316s 
- 

-Sow i 
3s4s ‘ 

._--. __._ . ._..-. 

;’ The paper by J.P. Sotzano and J.P. Fnckler Jr. [J. Mol. Spectrosc., 22 (1965) SO ] is $1 
userul refcre:lce source for detailed vibrational-normal coordinate studies or coordinated 
CzH+ b Sortenecl mode. 

ing modes so far obsewed for the nickel- ancl cobalt-ethylene systems (see 
Tables 4, 6 and 7). For esample, on passing from Ni(C:H,) to Ni2(CzHi)l,l, 
the observed YNi-C stretching modes shift from 376 cm-’ to 416 and 446 
cm-‘, respectively. In the case of Coz(C2HJ1 and Co,(C2HJ),,, the observed 
VCO-C modes shift from 332 and 314 cm-’ to 384 and 460 cm-‘, respectively. 
The point to notice here is the reasonably high sensitivity of the z&l--C 
modes to both metal cluster size and the nature of the metal. The higher 
z&I--C energies observed for the nickel compleses relative to the cobalt com- 
pleses are in line with the correspondingly greater thermal stabilities of the 
former compared to the latter; this property would probably be manifested 
in the adsorption energies for chemisorbed ethylene on Ni and Co surfaces 
(which, as far as we are aware, have not yeE been reported in the literature) 
anct probably reflects on the superior hydroformylation catalytic properties 

of cobalt relative to nickel. 
On surveying the available data in Tables 4, 6, 7 for Co(C,H,)/Co2- 

(CZHG)rq2/CoJ(CIHG),, and Ni(C,H,)/Ni2(C2H_,),.z, one can make certain useful 
statements about the suitability of finite cluster-ethylene compleses as 
localized t~o~~~1itl~ models for chemisorbed ethylene_ Apart from the rather 
special vCH 2 “softened mode” at 2690 cm-’ (a surface hydrogen bonding 
interaction in the terminology of Demuth et al. [37]), the vCH, region of 
so-called r-chemisorbecl ethylene on Ni(ll1) is dominated by a broad vibra- 
tional loss around 2940 cm-’ (see Table 6). Clearly this band “envelope” 
corresponds to bands observed in the 3050-2875 cm-’ region of our finite 
cluster ethylene complexes. Significantly, the crucial YC=C stretching modes 
of ethylene x-bonded to the surface metal atom sites and r-bonded in OLU- 
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complexes are relatively insensitive to cluster size or ethylene stoichiometry, 
being observed as a weak band around 1500 cm-’ (surface selection rule argu- 
ments) on the Ni(ll1) surface and around 1504 (I), 1484 (I’), 1508 (II’), and 
1494 (I”) cm-’ for the cobalt complexes and 1499 (I), 1488 (I’) and 1504 
(II’) cm-’ for the nickel complexes [ 143 (Tables 6 and ‘7). The observed 6CH, 
deformational modes in the 1400- and 1200-cm-’ regions also seem to be rela- 
tively insensitive to cluster size and the nature of the metal, although the 
1200-cm-’ group of bands are shifted by roughly 100 cm-’ with respect to 
the corresponding surface modes (Table 6). 

It would seem, therefore, that the GCHZ modes around 1200 cm-’ and the 
z&I--C modes around 300-450 cm-’ are likely to be most informative in 
terms of localized bonding discussions. In particular, it would appear that 
increasing the cluster size from 1 - 2 - 4 causes a monotonic blue shift of 
z&l--C towards the value observed for the corresponding surface-ethylene 
chemisorption mocle, being already reasonably close for 2 to 4 metal-atom 
clusters. Broadly speaking, one can reasonably conclude that it is possible to 
represent r-chemisorbed ethylene by a finite cluster-ethylene comples con- 
taining as few as 2 to 4 metal atoms in the case of Co and Ni. 

In spite of the general insensitivity of the intraligand vibrational modes to 
cluster size, there are a few specifics worth mentioning, particularly with 
respect to the trends in vC=C. The first point relates to the observed YC=C 
orderings. 

Co(C,H,) > Co(C,H,), 

Ni(C,H,), > Ni(C,HJ) > Ni(C,H,)Z 

Cu(C,H,)2 > Cu(C,H,), > Cu(CIH,) 

The amonotonic order for cobalt and nicke1 compared to the monotonic 
order for copper mononuclear ethylene compleses (like earlier discussions 
[38] on M(CO),, can best be rationalized in terms of a finite positive interac- 
tion force constant, l~,=,~,=~, for Co and Ni rather than as the outcome of 
amonotonicity in the principal stretching force constants, lzcZc. 

At this point it is significant to note that irC=C (or k,,,) for M(C?H,) com- 
plexes adopts the following order 

Co(C,HJ > Ni(C?H,) > Cu(C?H,) 
(1509 cm-‘) (1496 cm-‘) (1475 cm-‘) 

If we accept the GVB-CI conclusion [ 141 that the nickel atom in Ni(C2HJ) 
adopts the s’ d” electronic configuration with a major x(C,H,) --, o(sp)Ni 
donor yet a minimal r*(CIHJ) +- d,(W) acceptor interaction, then we would 
predict that the monotonic o(sp)/d, metal orbital variations ilIustrated in 
Fig- 13 would hold true on passing from (s’d’)Co to (sld’)Ni and to (s’d”‘)Cu. 
Thus, for a dominant x(C,H,) + o(sp)M bonding interaction one would 
expect the strongest metal-ethylene bond to occur for Cu and the weakest 
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Fig. 13. Schematic representation of the ~(sp,), pssr and d metal-orbital energy variations 
on passing from Co to Ni to Cu in Cx,. M(C~HJ) z-eillplene compleses (ref. 13). 

for Co in M(C,H,) complexes. This would be consistent with the highest 
vC=C for Co(C,H,) and the vC==C ordering Co > Ni > Cu. Such a rationale 
would not be expected to hold true for the bis- and tris(ethylene) complexes 
as the electronic configuration of the metal is likely to move away from 
s’d”/s’d’ in Co(C2H,)/Ni(C,H,) to p’d8/p’dg or d”/d” in Co(C2HJ)&Ni- 
(CIHf)2,3 and from s’d” in Cu(C,H,) to p’d’” in CU(C~H~)~,~ (in line with 
ESR evidence for Cu(CIH2) ,,?) [ 393. 

Some other fascinating parallels in the vC=C frequencies worthy of consider- 
ation are as follows 

CO-II 

1504 cm-’ 
(C2” 1 

co-co-II 

1484 cm-’ 
(C,“) 

ll-co--co-II 

1508 cm-’ 

IS-11 
1499 cm-’ 
(GV 1 

Ni-Ni-II 
1488 cm-’ 
(C2, ) 
II-Ni-Ni- II 
1504 cm-’ 



To begin with, we note a roughly constant difference of 4-5 cm-’ on passing 
from M(C,H,) to its dimer, M,(C>H,),. Secondly, the vC=C frequencies first 
red shift on passing from M(C,H,) to M2(C,H,) and then bizte shift from 
M’(C&) to MZ(CJ&)2_ 

Within the GVB-CI description [ 143 of the bonding interactions in 
M(C,H;), we note that on adding the second metal in an s’d” promoted 
(valence) state (which is very close in energy to the s%” repulsive grouHc1 
state) to the s’d” metal atom in M(CZHl), the repulsive interaction between 
the charge density in the o(sp)-non-bonding orbital and the E-charge clensity 
of the illcoming ethylene ligand in h?fC2H,) is redzzeed slightly in MZ(C2HA) 
[14]. In other words, the (sin)-charge density is polarized more away from the 
ethylene in M,(C,H,) than in M(C,H,) 1141. The outcome is a closer approach 
of the ethylene to the metal atom site in htI,(CZHJ) than in M(C2HA), resulting 
in a greater delocalization of charge from the r-orbital of the ethylene onto 
the metal site in h’I,(CIH,) and hence a lozoer- vC=C frequency with respect to 
M(C2H-I)_ 

The subsequent blue shift in the K--C stretching frequency on passing 
from M,(C,H,) to M,(CIH,): probably arises from increased charge repulsion 
effects between the -rr-electron densities of the ethylenes and the mainly s-s 
charge density localized in the metal-metal bond. One therefore anticipates 
a weaker z(C,H,) + o(sp)M bonding interaction in iU2(C2H1)~ which is mani- 
fested in a blzce vC=C shift with respect to hq,(C,H,)_ Finally, we note in 
passing that the detection of two vC=C stretching modes for Co,(C,H,), (sym 
vC=C, 1545 cm-‘; asym vC=C, 1508 cm-‘) necessitates a non-centrosymmetric 
geometry_ The observation of a single zC=C value for Ni,(C,H,), suggests 
that the geometry is either centrosymmetric or that it is non-centrosym- 
metric but that the symmetric zK=C mode has remained undetected. This 
distinction, if real, could conceivably be a reflection of stabilization differences 
necessitated by an s’d” cobalt atom in Co,(C,H,), relative to an s’d” nickel 
atom in Nill(CIHJ)?. 

The discussion of d,/o(sp) orbital trends for the M(CIHI) complexes leads 
us to the interesting ordering of observed UV transition energies 

Co(CIH,) < Ni(C,H,) > Cu(C,H,) 

(375 nm) (320 nm) (3S2 nm) 

If we accept the GVB-CI assignment for the 320-nm UV transition of 
Ni(&H,) in terms of a d + p excitation, localized on an s’d’ nickel atom (147 
(in line with recent UV studies of Ni(olefin) compleses for a wide variety of 
substituted olefins [40]), then one has to account for a metal localized 
d + p energy ordering in M(C,H,) of the form Co < Ni > Cu. In terms of free- 
atom effective nuclear charge/orbital penetration arguments, one would initially 
expect the d -+ p energy gap to follow the order Co < Ni < Cu. Clearly this is an 
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oversimplified explanation and account must be taken of the effect of a mono- 
tonically-increasing n( C ?HA) -+ a(.sp)M charge donation from ethylene to the me- 
tal in M(C,H,), This will clearly have the opposite effect to Z*/penetration effects 
alone and could well account for the “anomalously” low energy of the d + p 
excitation observed for Cu(C2H,) and the resulting amonotonic d -+ p metal 
localized ordering, Co < Ni > Cu. This intriguing point will hopefully be scru- 
tinized in future ab initio CI molecular orbital calculations of M(C,H,) 
systems. It will be fascinating to discover whether the corresponding UV 
surface escitations anticipated for M(C2Hanrfs , ) possibly observable by HREELS 
techniques of the type recently reported by Rubloff 1311 for CO on Ni(lll), 
will display a parallel energy trend to that observed for M(C,H,). 
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