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Abstract

Although a few nanosized metal carbonyl clusters were already obtained in the seventies, these structurally and compositionally well-defined
molecules attracted the interest of nanoscientists only as possible precursors of finely dispersed metal particles for heterogeneous catalysis. This
review article has the aim to give a brief account of most recent results in the field of high-nuclearity metal carbonyl clusters and their emerging
properties. In doing that, a look to related behaviour of ligand-stabilised and ligand-free clusters, including almost mono-dispersed ligand-stabilised
metal nanoparticles, is given. At the end, we will deliberately venture in some speculations on the possible contribution of metal carbonyl clusters
to some aspects of nanoscience and nanotechnologies.
© 2006 Elsevier B.V. All rights reserved.
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storage and could potentially represent the ultimate solution for
miniaturisation in microelectronics and nanolithography [1-6].
Could metal carbonyl clusters (afterwards indicated with the
acronym MCC) play a role in this area?

In writing this review, our aim is to try to give a motivated
answer to the above question, rather than provide a comprehen-
sive overview of synthetic methods and methodologies, struc-
tural and spectroscopic behaviour, bonding theories, chemical
and physical properties and catalytic application of MCC. On
the above topics there are available excellent books, both at an
introductory and specialistic level, dedicated to cluster chem-
istry and physics in general, and containing chapters or reviews
expressly dedicated to MCC [7-16]. Besides, two praisewor-
thy compilations of all relevant survey bibliography regarding
cluster chemistry, MCC included, have already been published
[17,18].

The most recent progresses in MCC chemistry and physics
allow to envision a potential contribution of MCC to some
aspects of nanoscience and nanotechnologies. Therefore, we
have chosen to venture in the yet rather speculative territory
of MCC as functional molecules in themselves or building
blocks to assemble functional materials, as well as their poten-
tial use as precursors of the above. We will begin by show-
ing that metal carbonyl clusters are not necessarily close-shell,
how they could be tailored to display redox and magnetic
behaviour and, eventually, to become multivalent. To this pur-
pose, we will only review the so far reported MCC containing at
least one interstitial metal atom. The formal similarity between
redox-active MCC and nanocapacitors will be then analysed.
Throughout the sections, these emerging properties of molecular
MCC will be compared with those of other molecular and non-
molecular ligand-stabilised and ligand-free clusters, including
almost mono-dispersed ligand-stabilised metal nanoparticles.
We will end by surveying 1D and 2D arrays of MCC and making
some speculations on the possible contribution of MCC to some
aspects of nanoscience and, eventually, nanotechnologies.

2. The development of redox and magnetic behaviour in
metal carbonyl clusters

It was a widespread opinion that MCC should adopt close-
shell electronic configurations and could exhibit an almost per-
fect correspondence between number of cluster valence elec-
trons (CVE) and geometry of the metal frame, and vice versa.
Countless examples of structurally characterised low-nuclearity
MCC lend support to the above belief [7-16]. Rules for electron
bookkeeping in MCC have been developed with the support of
semiempirical calculations [19-22], which rationalised the rela-
tionships between electron count and geometry of most clusters
and proved to be extremely useful in designing and making new
MCC.

Howeyver, as the size of the MCC increases, deviations from
the predicted electron count begin to become significant. As
it is shown in Fig. 1 just as an example, the range of varia-
tion in the number of CVE (ACVE) increases from 4 to 12 for
tetrahedral clusters of frequency v, and v3, whereas all known
vi-tetrahedral MCC are electron-precise and constantly show 60

Table 1
Some representative examples of MCC displaying two or more reversible redox
changes or multivalence

Compound n References
1 [FesS2(CO) 141"~ 0,1,2 [43]
2 [Fe4Au(CO)i6]"~ 1,2,3 [44]
3 [Fe3Pt3(CO);5]"~ 0,1,2 [45-47]
4 [Os4Ptr(CO) 171"~ 0,1,2 [48]
5 [Irs(CO) 151"~ 0,1,2 [49]
6 [CogC(CO) 181"~ 1,2,3,4 [39]
7 [H40s10(CO)24]"~ 0,1,2 [50]
8 [0s10C(CO)p4 1"~ 1,2,3 [50-52]
9 [HFesPde(CO)24]"™ 2,3,4,5 [53,54]
10 [Co13C2(CO)24]" 3,4,5,6 [39,55-57]
11 [Co13N2(CO)4]"™ 3.4,5 [57]
12 [Ir14(CO)27]"~ 0,1,2 [58]

n values in bold indicate the species which have been isolated in a crystalline
state and structurally characterised.

CVE. This difference in the number of required CVE is appar-
ently due to the change in atomic properties of the involved
metal atoms, which are less relevant in low-nuclearity clusters
and become progressively more effective as the size and, conse-
quently, the number of energy levels increase. In agreement with
this view, only few stable MCC with an open-shell electronic
configuration were known. Indeed, in contrast to high-valent
organometallic clusters [32,33], most MCC are close-shell and
their redox aptitude is generally rather poor [34—41]. At best
only one redox change displays features of chemical reversibil-
ity, unless the fortuitous occurrence of miscellaneous “ad hoc”
conditions gives rise to sufficiently stable open-shell electronic
configurations [42]. Some representative examples of MCC dis-
playing two or more reversible redox changes or multivalence
are collected in Table 1. In this context, multivalence has the
meaning that a given MCC is stable on the work-up time-scale
with different free charges and remains structurally invariant.
Inspection of Table 1 indicates that this behaviour can be found
in both homo- (three entries) and hetero-metallic (four entries)
clusters, as well as in MCC containing main-group interstitial
(four entries) or peripheral elements. That is likely to happen
due to a synergetic combination of steric and electronic effects,
which give rise to a set of “ad hoc” conditions.

As previously pointed out [42], an “ad hoc” condition can
consist into a synergy between efficient shielding of the car-
bonyl shell and presence of one or more orbitals weakly
antibonding or non-bonding in a well-defined energy gap
(a potential HOMO-LUMO gap), e.g. [Fe4Au(CO)16]™ [44],
[Fe3Pt3(CO) 51>~ [47], and [HFegPdg(CO)p413~ [54]. Often
these orbitals are amenable to be populated or de-populated
by electrons, without great effects on the MCC stability,
because condensation upon oxidation and fragmentation upon
reduction is hindered or hampered by the CO shell and the
strength of M—M bonds, respectively. In some other cases,
e.g. [CogC(CO)131>~ [39], [Co13C2(CO)2413~ [39,55-57] and
[Co 13N2(CO)24]3’ [57], a synergy arises from the steric pres-
sure exerted by the interstitial main-group element, its strength-
ening effect on the metal core and the availability of low-lying
empty molecular orbitals.
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Frequency Vi1 \Z V3

Sketch

CVE 60 132-136 242-254

Acve 0 4 12
[Fe4(CO)13]2' [24] [CusFe4(CO)1s]2' [27]

Example Co4(CO)42 [25] [08100(00)24]2_ [28] [0820(00)40]2- [30]
Ir4(CO)12 [26] [NizRha(CO)1s]* [29]  |[Pd1gNisa(CO)22(PPhs)al” [31]

Fig. 1. Variation of number of CVE on increasing the frequency v (as defined by Teo [23]) of a tetrahedral metal geometry [24-31].

The intuition of “ad hoc” conditions such as the above, and the
tailored synthesis of MCC which could put them in practice, is
often a time-consuming task. It would be much more desirable to
have a strategy to induce electron-sink behaviour in MCC or, at
least, some guidelines to follow. Probably, the first hint of a pos-
sible strategy to override the close-shell configuration of MCC
has been provided by complementary works carried out in L.F.
Dahl and our laboratories on E-centred Nij» and non-centred

or Ni-centred NijgE> (E =post-transition element or molecular
moiety) icosahedral carbonyl clusters. As a result of these inves-
tigations, E-centred (Fig. 2a) [Nilg(plz—E)(CO)22]2_ (E=Ge,
Sn) [59], non-centred (Fig. 2b) [Nijo(js -ER)»(CO) 131>~ (E=P,
As, Sb, Bi; R =alkyl or aryl substituent) [60—66] and Ni-centred
(Fig. 2¢) [Nijo(pe-E)2(12-Ni)(CO)13]"*~ (E=Sb, Bi, Se, SnR,
Sb — Ni(CO)3) [67-72] derivatives were made available. The
E-centred Nij; and non-centred NioE, icosahedral nickel clus-

Fig. 2. Schematic representation of the structures of E-centred (a) [Ni lz(plz-E)(CO)zz]z’, non-centred (b) [Nilo(p5-ER)2(CO)1g]2’ and Ni-centred (c) [Nijo(pe-

E)z(mz—Ni)(CO)ls]2_ clusters (E atoms are shown as hatched spheres).
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ters display conventional electron counts and only exhibit irre-
versible redox behaviour. In contrast, the Ni-centred NijgE»
species show anomalous numbers of CVE (810 additional elec-
trons with respect to the E-centred and non-centred congeners),
reversible electrochemical redox behaviour and multivalence
[67-72].

EHMO analysis of NijgEz(12-M)(CO)13 model compounds
with different interstitial M atoms pointed out that, when M = Ni,
the out-of-phase combinations of the five d AOs of the interstitial
atom with the suitable MO of the NijoE; cage are not sufficiently
destabilised and fall in the frontier, rather than the antibonding
region [68]. This result suggested that interstitial metal atoms,
at difference from interstitial main-group elements [73], do not
necessarily behave simply as an internal source of electrons,
but may alter the number of cluster valence molecular orbitals
as a function of the relative energies of their valence atomic
orbitals. The presence of these additional weakly antibonding
orbitals within or close to the HOMO-LUMO gap increases,
perhaps artificially, the electron count. Their redox aptitude is
likely triggered by the nature of frontier orbitals, whereas the
strengthening effect of the pg-E moieties favours the occurrence
of multivalence.

Similar conclusions stem from analysis of non-centred
Mg(na-E)gLg (M =Fe, Co, Ni; E=S, Se, PPh; L=CO, PR3,
Cl, Br, I, SR) and M-centred Mg(pus-E)s(jrg-M)Lg (M =Ni,
Pd; E=GekEt, P, As, Sb, Bi; L=CO, PR3) hexacapped cubic
clusters [74]. The Ni- and Pd-centred clusters exhibit miscella-
neous electron counts in the 121-130 CVE range, while those of
non-centred species are comprised in the 99-120 range. Their
miscellaneous CVE have been rationalised by EH, DFT and
Xa calculations, which pointed out the relevance of both E and
L mr-donor or m-acceptor properties in determining the elec-
tron count within each series. However, the observation that Ni-
and Pd-centred clusters are systematically more electron-rich
than the non-centred clusters leads once again to conclude that
the inclusion principle [73], so nicely effective with intersti-
tial main-group elements, is no more so effectively operative

when the interstitial atom is a late transition element. Interest-
ingly, several of the above clusters display open-shell electronic
configurations but, unfortunately, their redox aptitude has only
received occasional attention [74].

Perhaps, the best example of the influence of the interstitial
atom in affecting the number of CVE is provided by the
isostructural series of compounds with formula [Rhi3(wsg-
Rh)(CO)»51*7,  [Rhy3(ps-Ni)(CO)2s1>~,  [Rhy2Ni(pg-Ni)-
(CO)5]*~ and [RhgNig(pg-Ni)(CO)ps5]*~ [75,76]. The
bimetallic Ni-Rh clusters formally derive from replacement
with Ni of the interstitial Rh atom in the body-centred cubic
structure of the [Rhj4(CO)as]*~ cluster [75]. The attempt to
replace a Rh interstitial atom with Ni in the architecture of the
latter MCC could appear awkward, since Ni has a lower heat of
atomisation than Rh and the Ni-CO bond is energetic. A “vis-
a-vis” comparison of the structures of [Rh13(pg-Rh)(CO)25]4’
and [Rhi3(ug-Ni)(CO)»5]°~ is reported in Fig. 3. The major
difference between the two is represented by a significant
shortening of the four vertical edges of the cubic moiety of
[Rh;3(pg-Ni)(CO)5]°~. It seems, therefore, conceivable to
think that the hypothetical RhjsNi(jug-Rh) = Rhyz(jug-Ni)
isomerisation equilibrium is shift to the right, owing to
contraction of the Ni-centred Rhg cube and the consequent
gain of the energy of four extra Rh—Rh interactions. Quite
similar reasons are likely at the origin of the successful syn-
thesis of a hexacapped body-centred cubic [Rh14Ni(CO)28]4_
derivative [77], whose metal frame is closely related to that of
[Rhi5(CO)30]°~ [78]. Notice that replacement of an interstitial
Rh with a Ni atom in all above clusters brings about only a
small variation of the number of CVE, in comparison with those
(8-10 CVE) triggered by interstitial occupation of an empty
icosahedral cluster cage. Thus, the pentacapped Ni-centred
cubic Ni-Rh clusters feature 2—4 additional CVE with respect
to the Rh-centred [Rhj4(CO)y5]*~. In contrast, the Ni/Rh
exchange in the hexacapped body-centred cubic architecture
documented by the structure of [Rh14Ni(CO)2g]4_ seems to
correspond to a requirement of two CVE less with respect to

Fig. 3. Vis-a-vis comparison between the structures of [Rhlg(pg—Rh)(CO)gs]“’ (a) and [Rhlg(ug—Ni)(CO)%]S’ (b): Rh—Rh contacts exceeding the value of 3.0A
are omitted from both drawings to emphasise differences in the metal frameworks of the two compounds (Ni atom is shown as a blackened sphere; rhodium atoms

as hatched spheres).
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by

Fig. 4. The structure of the carbonyl-substituted [Rh;5(CO),5 (CH3CN), 1~ tri-
anion.

[Rh15(CO)30]3_ and two extra CVE in comparison with the
carbonyl-substituted [Rh15(CO)25(CH3CN)2]3’ [79], which
displays a likewise regular body-centred cubic metal skeleton
(Fig. 4). Interestingly, this latter compound is not isostructural
with the isoelectronic homoleptic [Rh; 5(CO)2713~ cluster [80].
This confirms that the metal frameworks of MCC are rather
soft. Their geometry may be affected not only by variations
in the number of CVE, but also by the number of peripheral
carbonyl groups, as well as the bonding properties of ligands
replacing carbonyl groups.

Investigations in progress indicate that the homometal-
lic [Rh14(CO)25]4_ only exhibits irreversible redox properties
[79]. In contrast, all above Ni-centred tetradecanuclear clus-
ters, perfectly isostructural with [Rhi4(CO)p51*, display up
to two oxidation and two reduction steps, which show fea-
tures of chemical reversibility as a function of the solvent. The
[RhoNis(CO)»5]3~ cluster is even multivalent. Its corresponding
[RhgNis (CO)25]2” odd-electron derivative has been obtained
by oxidation of the parent compound with tropylium tetrafluo-
roborate and structurally characterised [76].

It seems, therefore, possible to conclude that the search
for a MCC with nanocapacitor behaviour should be addressed
towards clusters containing interstitial metal atoms of late tran-
sition elements.

3. Survey of high nuclearity metal carbonyl clusters and
carbonyl-substituted metal carbonyl clusters containing
interstitial transition-metal atoms

Since the last comprehensive reviews on MCC were pub-
lished [7-16], the field of MCC has grown to a great extent and

the number of species containing at least one interstitial metal
atom is now quite large and counts ca. 80 examples, as shown
in Table 2. We have included also carbonyl-substituted metal
clusters and the coinage metals, being at the border with tran-
sition elements. Statistically speaking, all metals belonging to
the Groups 9 and 10, as well as the coinage metals, display at
least one entry in Table 2. The only notable exception is iridium.
The highest nuclearity iridium cluster reported so far is the odd-
electron redox-active [Ir;4(CO),7]~ species [58]. It only has one
electron more than [Rh 14(CO)26]2_ [86], and in its neutral state
is isoelectronic with the latter. Nevertheless, the presence of an
additional carbonyl group in the ligand shell causes the adoption
of a less round metal framework based on a v,-trigonal bipyra-
mid, which does not imply the presence of an interstitial iridium
atom. The overwhelming majority of entries of Table 2 regards
MCC assembled or containing second and third row elements
in either neutral or negative oxidation states. The only apparent
exception is the dicationic [Pdj4Auz(CO)9(PMes);1]>* species
[111]. The neutral compounds systematically involve efficient
o-donor ligands such as trisubstituted alkyl phosphines.

The panorama disclosed by Table 2 is clearly determined
by a few concurrent electronic and steric factors. The preva-
lence of entries involving second and third row elements is
due to the increase of both M—M and M—CO bond energy
on descending a group. Peak frequency of MCC for Group 10
metal atom is essentially determined by alleviated steric repul-
sion between the outer ligands, owing to a decreased need for
CVE contributed by the outer ligands. The almost exclusive
presence in Table 2 of neutral and anionic species finds an
explanation in the m-acidity of carbon monoxide and the rel-
atively high ionisation potentials of some metal atoms (e.g. Pd
and Pt), which can be taken as a measure of their propensity
to back-donation. Negative charges, or accumulation onto the
metal core of a partial negative charge owing to the presence of
o-donor ligands in the MCC coordination sphere, has a benefi-
cial effect on stability of MCC by strengthening M—CO bonds
via increased back-donation. Accordingly, the only cationic
species, viz. [Pdi4Auy(CO)9(PMe3) nl* i, displays the
highest PR3/M ratio and involves the rather basic PMes ligand
as formal replacement of carbon monoxide.

4. Nanocapacitor behaviour of metal carbonyl clusters

From a formal point of view, a molecular MCC might be con-
sidered to be morphologically similar to a macroscopic capaci-
tor. As illustrated in Fig. 5 by the structures of [Pt;5(CO)30]>~
[137] and [H2Ni24Pt14(CO)44]4_ [128], a MCC is generally
based on a kernel of metal atoms surrounded by a shell of car-
bonyl ligands. Therefore, as a function of the geometry of its
metal framework, it might be formally compared with either
a cylindrical or spherical metal capacitor. However, before this
morphological resemblance could correspond to the above func-
tional property, it is necessary that the MCC fulfils the following
requirements.

(1) The MCC should have electron-sink behaviour (in other
words, they should be able to reversibly accept and release
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Table 2
MCC and carbonyl-substituted MCC containing interstitial metal atoms
N Compound Number and kind of Packing References
interstitial metal atom
Cobalt
1 [Co11Te7(CO)10]"™ (n=1,2) 1 pp [81]
2 C011T67(C0)5 (PMezPh)5 1 pp [81]
Rhodium
3 [Hs5—,Rh;3(CO)4]"~ (n=2-4) 1 hep [82,83]
4 [H4—,Rh14(CO)p5]1" (n=3-4) 1 bce [75,84]
5 [Rh14N2(CO)os 1>~ 1 cep [85]
6 [Rhy4(CO)61*~ 1 bee/hep [86]
7 [Rh;5(CO)7 13~ 1 bee/hep [80]
8 [Rh;5(CO)2s5(CH3CN)» 13~ 1 bee [79]
9 [Rh;5(CO)30]3~ 1 bee (78]
10 [Rhi5C2(CO)28]™ 1 pp [87]
11 [Rh]jCz(CO)24X2]37 (X=Cl, Br, I) 1 pPp [88]
12 [Rhy7(CO)3013~ 1 hep [89]
13 [Rh;7S2(CO)321°~ 1 sa [90]
14 [Rho2(CO)3714~ 1 cp [91]
15 [Hs—,Rh22(CO)35]"~ (n=3-6) 2 bee [79,92]
16 [Rha3N4(CO)3513~ 2 irr [93]
17 [H,RhgN4(CO)411*~ 3 cep [94]
Nickel
18 Nig(GeEt)6(CO)g 1 bee [95]
19 [NiRh{3(CO)p51°~ 1 bce [76]
20 [NiRh4(CO)8]*~ 1 bee [77]
21 [NipRhj2(CO)as514 1 bce [76]
22 [NisRhg(CO)25]"~ (n=2,3) 1 bee [76]
23 [NijoTes(CO) 151>~ 1 ico [71]
24 [Ni;;Sby(CO) 1813~ 1 ico [69]
25 [Nij;Bin(CO) 1313~ 1 ico [70]
26 [Nij;Se2(CO)151>~ 1 ico [71]
27 [Ni;(SnR),(CO) 131>~ (R =Me, nBu) 1 ico [72]
28 [Ni13Sby(CO)p4]"~ (n=2, 3) 1 ico [67,68]
29 [Ni3; Sbs(CO)401°~ 2(+4Sb) ico [96]
Palladium
30 Pd;6(CO)3(PMe3)g 1 ico [97]
31 Pd6(CO)13(PEt3)9 1 ico [98]
32 Pd)3(CO)22(PEt3)10 1 ccp [99]
33 sz}(CO)zo(PEh)]o 1 ccp [100,101]
34 Pd»3(CO)20(PEt3)g 1 bce [102]
35 [szg(CO)zg(PPh3)7]27 1 th/CCp [31]
36 Pd3p(CO)»6(PEt3)19 2 ccp [105]
37 Pd34(CO)p4(PEt3)12 ico [103]
38 Pd35(CO)23(PMe3) ;5 5 ico [97]
39 Pd33(CO)»8(PEt3)12 4 irr [103,104]
40 Pd39(CO)23(PEt3)16 5 ico [97]
41 Pds54(CO)40(PEt3)14 6 hep/cep [105]
42 Pd59(C0)32(PMe3)21 11 ico [97,106]
43 Pdgo(CO)36(PEt3) 18 15 ico [107]
44 Pd;45(CO),(PEt3)30 55 ico [108]
45 [PdgNi36(CO)45]6~ 6 ccp [109]
46 [Pd;3Ni3(CO)34]*~ 1 ccp/hep [110]
47 [Pd14Auz(CO)g(PMC3)11]2+ 1 ico [1 1 1]
43 [Pd16Ni16(CO)s01*~ 2 cp [112]
49 [Pd2oNiz2(CO)41°~ 4 cp [113]
50 [Pd2oNizg(CO)s410~ 4 ccp [112]
51 Pdy9Ni3(CO)z(PMes) 3 4 ico [97]
52 [Pd33Nig(CO)4; (PPh3)g]*~ 1 hep [31,114]
53 Hi2Pd)sPt13(CO)27(PPh3)12(PMe3) 4 hep [115]
Platinum
54 HXPtlj(CO)g(PBut:;)ﬁ 1 ccp [116]
55 Pt17(CO)12(PEt)g 1 ico [117]



1586 C. Femoni et al. / Coordination Chemistry Reviews 250 (2006) 1580—-1604

Table 2 (Continued )

N Compound Number and kind of Packing References
interstitial metal atom

56 [Pt19(CO)]*~ 2 pp [118]

57 [Pt19(CO)21 (NO)I*~ 2 pp [119]

58 [Pty4(CO)301*~ 1 cep [120,121]

59 [Pts(CO)32 1>~ 3 hep [121]

60 [Pt3g(CO)44]*~ 6 cep [119,121]

61 [PtRh{(CO)4]*~ 1 hep [122]

62 [PtyRh|{(CO)p4]?~ 1 hep [122]

63 [Pt4Rhg(CO)351*~ 2 bee [123]

64 [Pt4Nizs(CO)451°~ 4 ccp [124,125]

65 [Pt4Niz7(CO)4615~ 4 cp [124]

66 [Ho—PteNizg(CO)as]"~ 6 cep [126]

67 [Hg_, PtoNizs5(CO)481"~ 6 ccp [110]

68 [Pt;oNi;4(CO)30]*~ 2 hep [127]

69 [He—Pt14Ni4(CO)4q 1"~ 6 cep [127]

70 [He—nPt17Niz4(CO)47]"~ 6 cep [128]

71 [Pt4Niz(CO)s6]" 8 ccp [128]
Copper

72 [Cu,Niszs_(CO)4]P~ (x=3 or 5) 3 hep [129]
Silver

73 [Agi3Fes(CO)32 1" (n=3-5) 1 cep [130-132]

74 [Agi6Ni(CO)40]*~ 4 cep/hep [133]
Gold

75 [Auszz(CO)zo(PP}u)4(PM63)6]7 1 ccp [134]

76 Au,Pdy 1 (CO)20(PR3)19 (R=Me, Et) 1 ccp [134]

77 AugPd41 (CO)27(PEt3)15 2 (+3 Pd) ico [135]

78 [AugNi3p(CO)44]10~ 6 hep [136]

79 [AugPdg(Pdg_,Ni,)Nisg(CO)4410~ (x=2-5.5) 6 hep [136]

bce =body centred cubic; hep = hexagonal close packed; ccp = cubic close packed; ico = icosahedral; pp = pentagonal prismatic; cp = complex close packed; sa = square

antiprismatic; irr =irregular.

electrons at given potentials while maintaining unaltered
their original structures. The MCC should, therefore, be
multivalent or, at least, display reversible redox behaviour
on the cyclic voltammetry time scale).

(2) The carbonyl ligand shell should effectively insulate the
metallic core and hinder or, at least, hamper intermolecular
exchange of electrons.

(3) The metallic core of the cluster should undergo transition
from insulator-to-metal or be, at least, in a semiconductor
regime.

(4) Finally, for practical purposes (see later), the metallic core
should display dimensions falling in the nanometric field.

In the following sections we will analyse whether or not MCC
fulfil the above four requirements.

4.1. Electron-sink behaviour of metal carbonyl clusters

The findings regarding Ni-centred icosahedral [Nijo(pi2-
Ni)(ne-E)2(CO)13]"~ (E=SnR, Sb, Bi, Se, Te) [67-72] and
Ni- or Rh-centred cubic [Rhj4_Ni (CO)25]"~ (x=0-5) [75,76]
clusters suggest that the presence of an interstitial metal atom
could be one of the necessary prerequisites in order to sys-
tematically observe reversible redox behaviour also in MCC.
The electrochemical redox propensity of a considerable num-
ber of the clusters reported in Table 2 has been investigated.

The available data are collected in Table 3. Most Co-, Ni-,
Pt- and Ag-centred MCC display from two up to six redox
changes with features of electrochemical reversibility. In con-
trast, to our knowledge, both homo- and hetero-metallic Pd-
centred clusters only display irreversible reduction and oxi-
dation waves, in spite of the presence of a high number
of interstitial Pd atoms. See, for instance, the spectacular
Pd;45(CO),(PEt3)30 cluster, whose metal frame is shown in
Fig. 6, which contains 55 interstitial Pd atoms [ 108]. Particularly
indicative in this respect is the behaviour of [NizgPdg (CO)48]6_.
First of all, this cluster is isoelectronic and isostructural with
[Ni3gPte(CO)4g]°~ and [NizsPto(CO)45]1°~. Secondly, EHMO
calculations point out a similar energy separations of their
frontier orbitals. Nevertheless the compound, as well as the
related [NijgPdi6(CO)40]*~ [112], [NipPda(CO)4g10~ [113]
and [Ni26Pd20(CO)54]6_ [112], does not display any inter-
esting redox aptitude and decomposes to yet uncharacterised
species. It appears probable that the weakness of all bonds
involving palladium could favour large re-arrangements, if not
fragmentation or condensation processes, upon reduction or oxi-
dation. That would justify the lack of electron-sink behaviour
of several entries of Table 2 involving palladium. A second
reason could be the destabilising effect due to the presence
of phosphines bearing electron-donor substituents. Indeed, the
only anionic species so far reported are [Pd29(CO),g(PPh3 1>
[31] and [Pd33Nig(CO)41 (PPh3)s]*~ [31,114], which involve a
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(b)

(d)

Fig. 5. The structures of [Pt;5(CO)30]%~ (a) and [HaNizsPtj4(CO)as]*~ (b) as possible molecular counterparts of cylindrical (c) and spherical (d) capacitors,

respectively.

phosphine bearing electron-withdrawing, rather than electron-
donor substituents. The first purported factor would sug-
gest that a sufficient robustness of the ligand-stabilised
metal cluster is of fundamental importance for observing
and, eventually, synthesizing new MCC with nanocapacitor
behaviour. At this regard, particularly enlightening examples
are [Co;1Te7(CO)19—x(PMesPh), ]~ (x=0, n=1; x=5, n=0)
[81] and the [NizCs(CO)36]°~ or [NizgCe(CO)421°~ carbide
clusters. Their metal frameworks are strengthened by the pres-
ence of seven capping Te atoms and six interstitial pg-C atoms,
respectively. As a result, they exhibit among the most notable
electron-sink behaviour [81,138]. Strictly speaking there are
no interstitial nickel atoms (see Fig. 7) in the above nickel
carbide compounds. However, the eight nickel atoms describ-
ing the inner cube of [Ni32C6(CO)36]6_ are 12-coordinated (9
Ni+ 3 carbide atoms), whereas in [Ni3gC6(CO)42]6_ six out of
the above eight Ni atoms increase their coordination up to 13

(10 Ni+ 3 carbide atoms) [142,143]. It is important to note that
the cyclic and hydrodynamic voltammetry of [Niz;Cg (CO)361°~
in acetonitrile solution, reported in Fig. 7, is in perfect agree-
ment with the representation of the frontier energy levels of the
cluster pointed out by EHMO calculations with CACAO [144].
Observation of four reduction steps up to [Niz»C(CO)36]10~
appears to be a direct consequence of filling all energy levels
below a small but sufficiently defined energy gap of ca. 0.5eV.
The first two reduction products, viz. the [Ni32C6(CO)36]7_
and [NizpCg(CO)36]3~ anions, are also readily available upon
chemical reduction with sodium-naphthalenide in dimethylfor-
mamide and appear to be stable in solution for several hours.
The M—M bond energies of Group 10 bulk metals follow
the trend Pd—Pd < Ni-Ni < Pt—Pt. As inferable from chemisorp-
tion experiments, as well as calculations on small clusters in
gas phase [145-150], M—CO bond energies show an analogous
trend (Pd—CO < Ni—CO < Pt—CO). Therefore, platinum-derived



1588 C. Femoni et al. / Coordination Chemistry Reviews 250 (2006) 1580-1604

5
8 ol ol ey
5y —_ = A NSO NN NN AN T~ —~ N
& ReESSESE SRt o
e
| =3 w
= ° o~
N — —
! I I
J, o oon o>~ o <t
~ [So T ol ool s}
3 —— = =
I [ I I
0_0 O o0 Al v QO O a0
= S <o S A SRS IR
L —_ - =l —_
I [ [ I
4 ~ 00 — o — 1 00 [~ 00 N 0
J ~ & — o —_ — N 0NN O ™
M SS == S H eSS =a =
[ [
K_U v QO O ST 0O Ao 0~
~ <t T O AT O 0O O~
T SSod=S33=2333=
[ e R A A O R R |
.\_J =3 0 0 O o AN n
~ o S — 0 [ O A~ O
A_w = - - S S oo o
| [ | [
A_.. = e — e} o o~
~ (o8] o o O (o} o oon
T — — SIS S SIS
| | [ | [
m
i= :_J T OO0 AaA®n )
= Sleea=x<aan =
- 7_. —_—_C = - - —- S S
S | e e | |
Q
=]
=
M 7_. Ao O N~ O [N
3| [7|8223538353 3
£ PIT P FT7T T 777 +
on
=]
k=)
3
m — o <t <t .
8 11235 2 @ Fig. 6. Two orthogonal views of the Pdj45 metal frame of Pd45(CO),(PEt3)30
9 S * 2 [108].
= bt
Q
o 7]
> K O
= =] < =
Q|3 - (=} =}
SR+ ! 8 MCQC are expected to be the most robust of the Group. Accord-
o . . o .
2 0 ingly, both homo- and hetero-metallic Pt clusters containing
= < . .. .
% _ = interstitial Pt atoms show the most remarkable reversible redox
o - . . — -
3 = = properties. For instance, :u:oAOOvB_» and QS»AOOVMEN
2] ~ . .
° 8 +m show several redox waves with features of electrochemical
| A ey eqe . . .
3 o = , o o reversibility [39,139,151]. Their cyclic voltammetric profiles
= = A > he w w w L . . .
= =548 Sy i 3¢ 2 2 EZH| 8 show features which are displayed also by other redox-active
= S22 22T 889211 028 28 23 °|S . .
z ggizo mw 55658%=Cc808088|¢2 low-nuclearity MCC: pairs of closer redox waves separated
Sz 20 Lo to T S823I0 300 3Y . . .
2|8 T2 552329000 & S 28354 5|5 by larger gaps [39]. The staircase-like trend of z-plots (z is
S8 |EE223a2500 200 74 24 24 5L | & .. ;
g |z SR SIS e S RY 2Ry 2y BF 2y 3|8 the charge of the most reduced species involved in the redox
% |3 CSOTZZZZZZZIEETZIZZZLTZ|E : =
g g couple) versus the formal redox potentials of [Ptj9(CO)22]*,
- = g [Pt24(CO)30)*~ and [HRhy4(CO)p5]*~ is illustrated in Fig. 8,
< = .
2 E £ as an example. Moreover, the gap between the pairs of redox
E = TOMTnmemee S anInaEE2RAIS waves decreases as the MCC nuclearity increases (compare,



C. Femoni et al. / Coordination Chemistry Reviews 250 (2006) 1580—-1604 1589

|
-1.900

E [VOLT]

Fig. 7. The structure, the cyclic voltammetric profile and the EHMO frontier
region of [Ni32Cs(CO)36]1°~.

for instance, EO’_Z/_3 —E"’_3/_4 of [HRh4(CO)25]%~ with
E°L4/75 —E°L5/76 of [Pt;9(CO)22]*~ in Fig. 8). It seems rea-
sonable to conclude that electrons enter in pairs by first semi-
occupying and then filling one-by-one the frontier molecular
orbitals, owing to the presence of discrete levels with an energy
separation yet superior to the pairing energy.

In contrast, the cyclic voltammetric profile of higher-
nuclearity MCC, such as [Hg_,NizgPts(CO)46]"~ [125] and
[He—,NizgPts(CO)43]"~ [141], which respectively contain four
and six interstitial platinum atoms, displays almost equally
spaced redox waves. These correspond to one oxidation and
up to four reduction steps with features of reversibility on the
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Fig. 8. Staircase-like z-plots of the formal redox potentials (E°" vs. SCE) of
[Pt1o(CO)22 I~ (O, [Pt24(CO)30J*~ (O) and [HRh 4(CO)ps ™ (A).
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Fig. 9. Linear trend of z-plots vs. formal redox potentials (E°" vs. SCE) of
[NizePta(CO)4s]*™ (1)), [HNi3ePta(CO)45]*™ (M), [NizsPte(CO)agl*™ (A) and
[HNi3gPt(CO)4g]*~ (A).

cyclic voltammetric time scale. As a result, the plots of their for-
mal potentials versus the charge z of the most reduced species
involved in the redox couple display an almost perfect linear fit
(see Fig. 9).

The electron-sink properties of the above clusters are
somehow contrasted by the behaviour of [Pt26(CO)32]>~ and
[Pt38(CO)44]2_ [39,139,151], which respectively contain three
and six interstitial Pt atoms; spectroelectrochemical experiments
did disclose a rich redox chemistry. However, by visual inspec-
tion, some redox changes seem to involve more than one electron
and some others seem to be electrochemically irreversible. Nev-
ertheless, the multivalence of [Pt26(CO)32]2_, as well as that of
[Pt24(CO)30]2’, has been demonstrated beyond any doubt by
isolation upon chemical oxidation of their corresponding mono-
anionic and neutral derivatives [152]. Notice that Pty4(CO)30 and
Ptr6(CO)3, represent the first structurally characterised neutral
homoleptic carbonyl derivatives of platinum. The existence of
platinum-chloro-carbonyl derivatives and the non-existence of
Pt(CO)4 have been respectively related to the relatively high
electron affinity and ionisation potential of Ptin a d!° electronic
configuration [153]. A high electron affinity, further enhanced
by a positive oxidation state of Pt, favours o-donation from CO,
whereas reluctance for m-backdonation due to high ionisation
potential could be released by clustering, as well as a frac-
tional negative oxidation state of platinum. Accordingly, several
platinum carbonyl cationic [154] and anionic species are now
known. Besides, it seems conceivable that the existence of neu-
tral Pt4(CO)30 and Pty6(CO)3, homoleptic carbonyls could be
attributed to a clustering effect.

4.1.1. Modulation of electronic properties of metal
carbonyl clusters and tuning of their redox potentials

The chemical behaviour of anionic MCC provides some
opportunities to modulate their electronic properties and tune
the redox potentials of a given cluster. The first documented
possibility is provided by the progressive substitution of -
acidic carbonyl groups with stronger o-donor ligands such as
phosphines. The most significant example is undoubtedly the
[Co11Te7(CO)19—x(PMeyPh),]* (x=0-5; n ranging from +1 to
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—4) family of clusters [81]. Five carbonyl groups of the Co-
centred [Co;;Te7(CO)19]™ pentagonal prismatic mono-anion,
probably owing to the stabilizing effect of the seven Te caps,
can be progressively substituted by dimethylphenylphosphine.
As graphically shown in Fig. 10, the consequences of an increas-
ing negative charge residing on the cluster as x increases are
the following: first of all, correspondent redox changes pro-
gressively occur at more negative potentials (ca. —0.2'V per
each replacement of a carbon monoxide group by a phosphine
ligand). Secondly, the highest oxidation states gain in stabil-
ity. As a result the most stable species with x=35 is the neutral
Co11Te7(CO)5(PMe;Ph)s species, which has been isolated and
structurally characterised [81].

A second possibility can be provided by protonation of a
polyanionic cluster. As shown in Table 3 and Fig. 9, formal
replacement of a negative charge of the parent polyanion with
a hydrogen atom (compare, for instance, the following pairs of
entries: 10-11, 15-16, 17-18 and 19-21 in Table 3 or empty and
filled square and circle fits in Fig. 9) has two major effects. First
of all, occurrence of the same redox change in the hydride deriva-
tive requires a more negative potential. That probably follows
from the fact that non-hydride and hydride derivatives possess-
ing the same negative charge are not isoelectronic and the latter
has one more CVE. Likely as a further consequence of that,
hydride derivatives often show a decreased number of reduc-
tion and an increased number of oxidation steps. Moreover, a
small variation in both E°” and AE®’ between consecutive redox
couples is observed. The occurrence of these effects, beyond
other considerations, provides a circumstantial evidence of the
presence of hydride atoms in those cases where the direct proof
via 'H NMR could not be obtained. However substitution of
negative charges with hydrogen atoms can have several other
contrasting consequences, besides tuning the redox potentials
of a given cluster via modulation of its electronic properties.
On one hand, it can also induce redox aptitude in an otherwise
redox inactive cluster. This is the case of the [HRh 14(CO)25]3_
and [Rh14(CO)25]4_ pair of compounds [79]. As already men-
tioned, the latter does not display any meaningful reversible
voltammetric feature. In contrast, as inferable from Fig. 8, the
former shows two oxidation and two reduction waves which
achieve features of chemical reversibility as a function of the sol-

vent. On the other hand, the presence of more than one hydride
atom can be detrimental for electron-sink behaviour. This is
the case for instance of [Hs_,Rh3(CO)24]*~ (n=2 and 3) and
[He—,NizgPtc(CO)43]"~ (n=4). These compounds only show
either one or two redox changes with features of electrochem-
ical reversibility, probably owing to easy reductive elimination
of hydrogen molecules.

A third way to modulate the electronic properties and tune
the redox potentials of a given cluster is replacing some sur-
face metal atoms with a different transition metal atom. Pos-
sible examples of this opportunity are the already mentioned
[Nij3_,Rhy(p12-Ni)(CO),5]"~ (x=13, 12, 9) [76], and also the
high nuclearity [Nizg_Pt,(CO)44]"~ (x=38, 14) [39,121,140]
and [Nigg_ Pt (CO)43]"~ (x=6, 9) clusters [109,141]. As
shown, for instance, by a comparison between entries 17-19
and 18-20 of Table 3, replacing three Ni with three Pt atoms on
the surface of [NizgPts(CO)ag]®~ has a series of consequences.
First of all, the presence of three Pt atoms in place of Ni onto
the surface of the cluster shifts to more negative potentials
the corresponding redox changes. It seems reasonable to sug-
gest that this effect could be due to a higher residual negative
charge onto the metal core, owing to a decreased back-donation
onto the carbonyl groups. This suggestion is supported by
comparison of the infrared spectra of [Hg—,NizsPtg(CO)ag]"~
and [Hg—,NizgPts(CO)48]"~. The pattern is identical but the
absorptions of both terminal and bridging carbonyl groups of
the former are correspondingly shifted to higher wavenumbers
(5-10 cm’l) than in the latter. Meanwhile, an increased amount
of Pt in the cluster seems to decrease the number of reversible
reduction steps and favours the occurrence of more oxidized
redox changes. After all, this is in keeping with the stability and
isolation of the high-nuclearity neutral homoleptic Pt carbonyls
mentioned before.

The opposite example, replacement of Pt with Ni, is
illustrated by a comparison of the two quasi-isostructural
[Pt3g(CO)44]>~ and [HyNipgPt4(CO)44]*~ MCC. The two only
differ in the carbonyl stereochemistry: [Pt38(CO)44]2_ has four
more terminal and four less edge-bridging carbonyl groups than
[HaNizyPt14(CO)44]* . The effect of replacing metal atoms is
shown in Fig. 11, which illustrates the frontier region of the MO
diagram of [Pt3g(CO)44]>~ and the [Ni4Pt;4(CO)44]*~ moiety
of [HpNip4 Pt 14(CO)44]4_, as well as the voltammetric response
of [HNi24Pt14(CO)44]5’. As suggested by EHMO calculations
both [Pt33(CO)44]"~ and [Nip4Pt14(CO)44]"*~ non-hydride moi-
eties might be expected to withstand a charge comprised in the
range +2 and —10. Both MO diagrams point out the presence of
six tightly spaced MOs within a wider energy gap. Partially in
keeping with this suggestion, the parent [HN124Pt14(CO)44]5’
can be reversibly reduced down to [HNig4Pt14(CO)44]8’ (see
Fig. 11 on the right).

As afinal remark in this section, it seems justified to conclude
that MCC containing interstitial late-transition metal atoms ful-
fil the first requirement in order to be compared with molecular
capacitors. From a formal point of view, the voltammetric pro-
files of several MCC are strictly comparable with those exhibited
by Ceo [155] and quasi-molecular gold particles stabilised in
thiol shells [156-159].
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Fig. 11. Comparison between the frontier regions between —11 and —9.5eV of [Pt3g(CO)44]1%~ and the [NizgPti4(CO)as]*~ moiety of [HyNip4Pt 14(CO)441* (left)
and differential pulse, cyclic voltammetry and hydrodynamic behaviour of [HNigsPt14(CO)4s ]~ (right).

4.2. The effectiveness of the CO shielding

The importance of the second requirement stems from the
consideration that easy intermolecular exchange of electrons
in solution, which could possibly take place also in the solid
state, would hinder effective storage of electrons in the MCC
molecule. Coulombic repulsion might generate an energy bar-
rier for intermolecular exchange of electrons also in ligand-free
post-transition metal clusters, e.g. Mg"~ (M =Ge, Sn, Pb; n=3
and 4) Zintl ions [160,161], Cgo"~ fullerides [162], and their
endohedral derivatives [163,164]. However, at least in the case
of Cgo"~ fullerides, the Coulombic energy barrier is not suf-
ficient to hinder intermolecular electron exchange in solution,
which is fast on the time scale of 13C NMR. Indeed, mixtures of
differently charged fullerides, e.g. Cg0/Ceo~ and Cgo>~/Cep>~,
display '3C NMR chemical shifts intermediate between the val-
ues of their respective pure anions [162]. Moreover, exchange
of electrons in the solid state cannot be ruled out. In the case of
Zintl ions, further complications arise, owing to occurrence of
oxidative coupling. For instance, oxidation of [Geg]*~ can lead
to [Geo]"™ (n=3 and 2) clusters, [(Geg)2]%~ and [(Geg),]**~
(n=3 and 4) oligomers and the zigzag chain {[Geg]z_ }oo pOLy-
mer [163,164], as a function of reaction procedures.

Although the effectiveness of the carbonyl shielding in
the long run is yet unknown, EPR experiments suggest that
intermolecular electron exchange between differently charged
MCC is not fast. Indeed, the EPR patterns of the odd-electron
[Fe3Pt3(CO)15]~ and [Agi3Feg(CO)32]* are unaffected by the
presence of their respective even-electron [Fe3Pt3(CO)y 5]0/2_
and [Ag13Feg(CO)32]3_/5_ congeners at all ratios and tem-
peratures, both in solution and in the solid state. Notice that
owing to coupling of the unpaired electron with Pt and
10740109 Ag | respectively, the hyperfine structure of the EPR
spectra of [Fe3Pt3(CO)15]™ and [Ag13Fe8(CO)32]4_ is an unam-
biguous fingerprint. Should intermolecular electron exchange
between differently charged species be fast on EPR time scale,

the coupling with spin active nuclei would have been affected.
The metal core of MCC behaves, therefore, as a quantum dot in
which electrons are confined [132,165,166].

4.3. Size-induced insulator-to-metal transition of the metal
core of metal carbonyl clusters

As partially anticipated in Section 4.1, the voltammetric
profiles of the redox-active carbonyl clusters change as a
function of nuclearity. Typical profiles of low-nuclearity clus-
ters with extensive redox aptitude are represented by those
of [HRh14(CO)s1™, [Ptio(CO)2]* or [Pt24(CO)30l* (see
z-plots in Fig. 8). The difference with that of a higher-
nuclearity cluster, as exemplified by that of [Ni32C6(CO)36]6_,
reported in Fig. 7, or the z-plots of [He—,NizgPt4(CO)46]*~ and
[He—,NizgPtg(CO)48]°~ (n=0and 1) of Fig. 9, is rather evident.
The former is suggestive of a close-shell cluster displaying a
rather wide HOMO-LUMO gap of ca. 1.5 eV (as inferable from
the difference in Volts between the formal redox potentials of the
[HRh;4(CO)»513~"*~ and [HRh4(CO)p5]*~/>~ pairs) and a pair-
ing energy of ca. 0.3 eV in the related orbitals. The latter might
be due to an open-, as well as a close-shell cluster, and the inter-
pretation of the spacing may change in consequence. In any case,
the average separations between the formal electrode poten-
tials of consecutive redox couples of MCC displaying multiple
reversible redox changes decrease as a function of the nuclearity.
Indeed, the consecutive one-electron transitions progressively
become almost equally spaced and tight as the nuclearity of
the cluster increases. Average AEs down to 0.25-0.3V have
been observed (see Table 3). Miscellaneous plots of average AE
versus nuclearity (abscissa) for different collections of MCC dis-
play satisfactory linear fits with correlation coefficients up to a
ca. 99% level, in spite of the dispersion of the AE between con-
secutive redox couples and almost independently from the MCC
composition. All plots agree in showing extrapolated intercepts
at ca. 0.75 V in ordinate and 65-70 in abscissa [141]. An exam-
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Fig. 12. Experimental average separation of consecutive redox couples (AE,y
in V) as a function of the nuclearity of the cluster. Entries represented by filled
triangles are due to MCC collected in Table 3, while the star represents the
average AE displayed by the consecutive redox couples of Cgg [162].

ple of such plots is given in Fig. 12. It includes all entries of
Table 3 and, consequently, the linear fit displays a low corre-
lation coefficient. For sake of comparison, the entry relative to
[Ces0]* has also been included.

A first consideration suggested by Fig. 12 is that isolation of
redox-active MCC beyond a nuclearity of ca. 60—65 could be
hampered by occurrence of significant disproportionation equi-
libria in solution. Indeed, if the linear fitting holds beyond the
last experimental entry, the extrapolated values of AE decreases
to ca. 0.06 V in the above range of nuclearities. Therefore, the
constant of a disproportionation equilibrium such as (1) could
assume values close to 0.1 and greater than that.

2[MCCY" = [MCCl ! + mccy+! 1)

On the other side, the separations between formal electrode
potentials of consecutive redox couples (AE) substantially mir-
rors the differences between their ionisation energies. Therefore,
these AE may be extrapolated to approximately quantify the
energy separation in eV between the frontier one-electron energy
levels. Within this premise, the present one-electron energy
separations suggest that the MCC so far investigated still pos-
sess a semiconductor rather than a metal-like nature. However,
according to Fig. 12, the size-induced metallisation process of
MCC is well underway and the transition could be expected to
occur for nuclearities above a likely threshold value of ca. 70.
Although such nuclearity has already been reached and exceeded
by carbonyl-substituted clusters, e.g. Pdgo(CO)36(PEt3)15 [107]
and Pd45(CO),(PEt3)309 (x ~ 60) [108], the above expectation
cannot be substantiated because, to our knowledge, their redox
behaviour has not been reported yet.

The above conclusion about metallisation of MCC is in
satisfactory agreement with the results of other attempts to
experimentally determine the size-induced metal—insulator tran-
sition of MCC and clusters. First of all, it seems significant that
interpretation of the astonishing simplicity of infrared spectra
of MCC requires a symmetry-based spherical harmonic model

which may be related to a symmetry-based restatement of the
surface selection rules [167]. Secondly, it is rewarding that spec-
troscopic studies on CO adsorbed on palladium islands deposited
on alumina films point out that aggregation of ca. 100 Pd atoms
is necessary in order to observe transition from molecular to
metallic features [168]. Very similar size regimes have been
observed to determine a size-induced metal—insulator transition
for bare Hg and Au clusters in gas phase [169]. For instance,
photoelectron spectroscopy studies on mass-selected bare Au,
clusters suggest that bulk properties begin to emerge for n>40
[170]. Accordingly, a locally resolved scanning tunnelling spec-
troscopy study at 7 K in precise sites of Auss(PPh3)12Clg sug-
gests a level spacing in proximity of Fermi level of ca. 170 meV
[171]. Such a spacing situates Auss5(PPh3)12Clg in close prox-
imity of the extrapolated straight line of Fig. 12.

It has, however, to be mentioned that all available data regard-
ing quasi mono-dispersed gold clusters stabilised by a protecting
monolayer of thiols (MPC) do not conform to the above predic-
tion and would fall far outside the plot of Fig. 12. Indeed, MPC
in a purported 140-147 range of nuclearity behave as extremely
efficient electron sinks and reservoirs [156—159], but exhibit
AEs between consecutive redox couples (0.2-0.4 V) of the same
order of magnitude of [Ni3,C(CO)361°~ or [NizgPts(CO)451°~.
It might be a hint that the plot of Fig. 12 will change slope for
nuclearities greater than 44 and reach a plateau approximately
ranking around ca. 0.2 V. At the present stage, it could be specu-
lated that the yet semiconductor nature of the above gold clusters
might mean that their metallisation is slowed down by the thiol
(or thiolate) ligands shielding the gold particle or, less likely, by
the electronic properties of the gold itself (see above).

4.4. The size of metal carbonyl clusters

The final condition regards the size of MCC. A nanometric
size is essential in order to have the possibility to interrogate
a single MCC molecule, rather than a collection of molecules,
even if perfectly identical to each other. Communication with
a single molecule by single electron transfer could allow, for
instance, to store a bit of information at molecular level. This
last requisite is fulfilled by a good number of so far reported
MCC. Several low-valent metal clusters, stabilised mainly or
uniquely by carbonyl ligands, besides being molecules or molec-
ular ions perfectly defined in composition and all structural
details, trespass by size in the field of nanomaterials (1-1000 nm)
from the lowest limit. Pseudo 1D MCC possessing nanomet-
ric size have been known for a long time. For instance, the
[Pt15(CO)30]2_ dianion [137], shown in Fig. 5, has a metal frame
length of ca. 1.5 nm. More or less spherical or ellipsoidal clus-
ters, such as [NizPtr4(CO)s6]®~ [128], [NizsPda(CO)s41%~
[112], Pds9(CO)32(PMes)2; [106], Pdeo(CO)36(PEt3)15 [107]
and the giant three-shell Pdj45(CO),(PEt3)39 (x~60) [108],
display metallic core diameters in the 1-2nm range. In any
case, size does not seem to be a serious limitation because of
the possibility to aggregate MCC molecules in several ways
(see Section 6). Several MCC aggregates close or trespassing
in the nanofield can be prepared, for instance by the fusion
of two or more anionic clusters with a central core consti-
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tuted by a single cation, e.g. {Hg[Os;0C(CO)24]2}>~ [172], or
cationic cluster moieties, e.g. {Cd,Cl3[Nig(CO)12]2}3~ [173],
[HoRu12Cu6Cl(CO)341>~ [174], [HaRupoCueCla(CO)agl*~
[175], and [AggRuloCZ(CO)ngI]Z’ [176]. Besides, the exis-
tence in solution of several fused MCC moieties such as
{Ag[RhC(CO)1512}*~ and higher {Ag,—1[Rh6C(CO)is],}"~
oligomers has been demonstrated several years ago by multinu-
clear NMR [177], and envisions the possibility to isolate MCC
aggregates well beyond 2 nm.

4.5. Metal carbonyl clusters as molecular nanocapacitors

On the basis of the results described in the previous sec-
tions, it seems reasonable to conclude that several MCC reported
in Table 3 are truly similar to molecular nanosized capacitors.
Indeed:

1. Their metal core is in the semiconductor regime and on the
way to undergo a size-induced semiconductor—-metal transi-
tion.

2. Their dimensions are nanometric (1-2 nm).

3. The surrounding shell of carbonyl ligands probably provides
an intermolecular shielding sufficiently efficient to hamper
ready electron exchange.

4. The electronic properties of the molecular cluster can be
modulated by subtle variation of the metal composition and
ligands shell, as well as by involvement of interstitial metal
atoms and main-group elements.

5. Their redox potentials are tunable.

The capacitance C of the molecular capacitors reported in
Table 3 can be evaluated by Eq. (2),

q

= A7V (2)

where ¢ represents the electron charge (1.6 x 1071° C) and AV
is the AE,, reported in Fig. 12. As shown by calculations on
a few selected examples reported in Table 4, it turns out that
capacitance ranges from 0.2 to 0.6 aF per molecule and roughly
increases as a function of MCC nuclearity and size.

The capacitance of a spherical metal capacitor (Cgm.c.), such
as that depicted in Fig. 5, depends from its radius and the thick-
ness of the dielectric layer, according to Eq. (3), where &, is the

Table 4
Capacitance (C) of cylindrical and spherical MCC and calculated dielectric
constant of coordinated carbon monoxide (6co monolayer)

Mcc C(aF) r(nm) d(nm) [(nm)  &ecomonolayer
Cylindrical capacitor
[Ptio(CO)2]* 0.37 0.40 0.13 1.08 1.7
Spherical capacitor
[Nij; Sba(CO) 131~ 0.21 0.38 0.19 1.7
[HRh;4(CO)o513~ 0.25 0.47 0.23 1.6
[HNiz4Pt;4(CO)4s1°~  0.40 0.57 0.19 1.6
[Ni3gPts(CO)4310~ 0.57 0.67 0.19 1.7

dielectric constant of vacuum (8.85 x 1012 F/m),

dreqer(r + d)
Csme. = —a

where ¢ is dielectric constant of the insulator layer (the CO
monolayer in the present case), r the radius of the metallic sphere
and d is the thickness of the dielectric layer. Analogously, the
capacitance of a cylindrical metal capacitor (Ce m c.), is given by
Eq. (4), where [ is the length of the cylinder.

3

c 2me €l 4

c.m.c. — ln((r + d)/r) ( )
Being known the capacitance C of a given MCC, Egs. (3) and
(4) allow evaluation of the dielectric constant of the CO mono-
layer. The reliability of calculated €co monolayer has the limit that
MCC can only be very roughly approximated to cylinders or
spheres. The radius of the sphere inscribing the whole MCC
metal core (viz. the distance from MCC centre and the centre of
farthest metal atom, plus the radius of the peripheral metal atom
itself) can be taken as the value of r for spherical metal capaci-
tors, whereas the corresponding distances along the shortest and
longest extensions of a cylindrical MCC have been, respectively,
taken as r and 1/21. In both cases, the thickness d of the CO layer
has been evaluated by the following Eq. (5), where dy_o is the
distance of the barycentre of MCC and the farthest oxygen atom,
ris the radius of the metal core calculated as above and rg is the
covalent radius of oxygen.

d=dyo—r+ro )

As shown in Table 4, calculations on some selected examples
of MCC with nuclearity ranging from 11 to 44, which may be
reasonably considered as cylindrical or spherical, gave values
of £€co monolayer in the rather narrow 1.6-1.7 range. The value of
£COmonolayer Slightly increases to a 2.1-2.2 range by substitut-
ing covalent with the van der Waals radius of the oxygen atom
in Eq. (5). Both these values are greater than the ¢ of gaseous
(1.003), liquid (ca. 1.5 as inferable from its refraction index at
78 K) and solid carbon monoxide (1.5455 at 29.65K) [178]. A
dielectric constant greater than that of solid carbon monoxide
seems reasonable and in keeping with the inherent perfect ori-
entation of CO molecules coordinated through the carbon atom
to the MCC. In contrast, the residual entropy of solid CO at 0K
suggests its random orientation in the crystal. To our knowledge,
the only available data on the dielectric constant of adsorbed CO
are those relative to Cu and Ag films, which are in keeping with
the above conclusion [179].

5. Comparison of the nanocapacitor behaviour of metal
carbonyl clusters with that of quasi-molecular metal
particles stabilised in a ligand shell

Nearly mono-dispersed metal nanoparticles, sized from 1 to
10 nm in diameter, have experienced an increasing interest over
the last two decades, owing to the belief that they will show quite
unique properties due to quantum size effects. It is believed that
these quasi-molecular metal particles hold potential in several
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fields going from nanoelectronics to catalysis. Several author-
itative reviews and books have already been published on the
subject [180-189]. Extensive reviewing of the field would be
inappropriate in this context, our purpose being only that to
compare the redox behaviour of MCC with those of nanometre-
sized alkanethiolate monolayer-protected gold clusters (MPC).
We shall only outline some of their problematic and their rele-
vant features for sake of comparison.

The first breakthrough in the field of narrow-dispersed col-
loidal particles has been the report by Schmid in 1981 of
Auss5(PPh3)12Clg [190]. The major impulse was, however, given
by the discovery that alkanethiols enable the synthesis of MPC
featuring diameters in the 1-5nm range [191], which can
be dissolved and fractionally separated by precipitation up to
obtain almost mono-dispersed materials. Since only crystals of
micrometer size have been so far obtained, their characteri-
sation was achieved on combining several experimental tech-
niques (mainly high-resolution electron microscopy, transmis-
sion electron microscopy, electron diffraction, X-ray powder
diffraction and laser desorption mass spectrometry) with the-
oretical modelling and simulation. Cubic-close-packed lattices
are by far predominant and the optimal structures are pre-
dicted to be based on truncated octahedra of increasing fre-
quency, while the likely identity is inferred by mass spectrometry
[181].

From a formal point of view, there is a remarkable sim-
ilarity between the electroanalytical responses of MCC and
MPC. Thus, the cyclic and differential pulse voltammetric pro-
files of C¢S—Auj40-147, an ensemble of almost mono-dispersed
hexanethiol-MPC (differently formulated on dependence of
preparation/fractionation procedures and authors) in solution
has been initially reported to feature 10 redox changes [156,157].
Their number increases up to 13 on lowering the temperature
[158] and up to 15 on improving mono-dispersity [159]. Resid-
ual dispersity in core size is thought to contribute to peak broad-
ening and background. Within the —0.2 and —1.9V window,
which is the one of interest for anionic MCC with electron-
sink properties, the CV and DPV profiles of miscellaneous
CxS—Auig0-147 (x=6-12) are strictly comparable with those
shown by high-nuclearity MCC such as [Ni32Ce(CO)36]0~ and
[NisgPtg (CO)43]6_. Furthermore, the pattern of CV and DPV of
CgS—Ausg [156] is very similar to that of low-nuclearity MCC
such as for instance [HRh14(CO)25]3’ and [Ptlg(CO)zz]“’.
Compare the z-plots of Fig. 13 with those of Figs. 8 and 9.

According to Eq. (3), capacitance should rise upon increasing
the radius r of the metal particle and decrease by increasing the
thickness d of the monolayer of ligands. MPC give the opportu-
nity to keep r practically constant and to vary the thickness d of
the protecting monolayer by varying the chain length of thiols.
Measurements performed on C,S—Auj4s species, which have a
constant radius of the metal core of 0.8 nm and x varying from
4 to 16, are in keeping with Eq. (3) by disclosing a capacitance
that reduces from 0.59 to 0.39 aF [157]. MCC feature almost
constant thickness of the shell of carbonyl groups and a variable
radius of the metallic core. They are, therefore, complementary
to MPC. As anticipated in Section 4.5, the capacitance of MCC
so far subjected to electroanalytical experiments increases from
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Fig. 13. z-Plot vs. E°" of C6S-Auj47 (0) and C6S—-Auzs (@) MPC, respectively
showing a linear and staircase trends.

0.21 to 0.57 aF as the nuclearity increases. Rewardingly, both
results are in keeping with Eq. (3).

Finally, it is important to take note of the remarkable cor-
respondence between the solution electrochemical response of
MPC ensembles and the tip-based tunnelling spectroscopy of
an individual MPC physisorbed on a gold-on-mica support. The
STM tip experiment on the latter displays a reversible coulom-
bic staircase with six charging steps constantly separated by ca.
0.34V [156]. A Coulombic blockade has been ascertained also
in AU55(PPh3)12CI6 [171].

6. Assembling metal carbonyl clusters: new functional
materials of potential interest for nanoscience and
nanotechnologies

The condensation of MCC moieties, of which some example
has been anticipated at the end of Section 4.4, has been or could
in principle be obtained in several ways. A few documented
procedures enabling oligomerisation of MCC are:

1. Oxidation of an anionic MCC with formation of new direct
homonuclear M—M bonds (e.g. oxidation of [Pts(CO)1213~
to [Pt12(CO)241%>~, [Ptig(CO)36]°, etc. [192]).

2. Condensation of anionic MCC with [M']** (z=1-3) cations,
via complete elimination of counterions and, in case, some
carbon monoxide, by formation of heteronuclear M—M'—
M bonds (e.g. {Ag[Rh¢C(CO)15]2}3 [177], {Hg[Os;oC
(CO)4l2}*~ [172], [MaRuj2C(CO)30]*~ (M=Pd, Ag)
[193,194], [Pd3OS13C2(CO)42]2_ [195] and [Ni12(|.L6—
In)(2-pe-In2BryOH)(CO)22 1+~ [196]).

3. Condensation of anionic MCC with M’X, salts of
Groups 11-13, with incomplete elimination of X coun-
terions and formation of heteronuclear M—M’'X,,_—M or
M-M',, X,,—M metallic interactions (e.g. [HpRujpCugCly
(CO)34*~ [174], [H4RuzoCusCla(CONgs]*~ [175], and
[Ag3RuoC2(CO)2Cl1>~ [176]).

4. Condensation of anionic MCC with M'X,, salts of Groups
11-13, with limited or without elimination of X counteri-
ons and formation of heteronuclear M—M’ interactions and
M'-X — M’ bridges (e.g. {Cd,Cl3 [Ni6(CO)12]2}3_ [173]).
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Fig. 14. The structure of {[Rhe(CO)14]2(dpbp)} (dpbp=2,2"-bis(diphenyl-
phosphino)-4,4’-bipyridine) [198].

5. Condensation of anionic, neutral or cationic MCC with
a neutral or anionic bridging ligand such as (but not
limited to) diamines, diphosphines or dithiolates, via
formation of M—L—L—M bonds (e.g. {HyN—(CH;)4—NH)-
[Rhs(CO)412}>~  [197], {[Rhe(CO)1sla(dpbp)} (see
Fig. 14) and {[RusC(CO);5(dpbp)3]Ir4(CO)s} (dpbp=2,2-
bis(diphenylphosphino)-4,4’-bipyridine) [198].

Procedures 1-3 afford new MCC of greater size, which imply
metal architectures essentially or uniquely sustained by M—M
or M'—=M metallic bonds. Procedures 4 and 5 lead to species
in which MCC moieties are not joined by a direct M—M or
M—M' bond and may feature conducting or insulating bridges.
Expected properties of some of the above aggregates, once
assembled by using redox-active MCC, are enhanced electron-
sink behaviour and mixed-valence clusters, formally related
to Rhe(CO)s(dppm)2(CNCH2Ph)(Cgp)2 [199]. Notice that bis-
fullerenes exhibit a weak through-space electronic communica-
tion and undergo 2-electron reductions with AEs of ca. 0.45V,
practically coincident with those of Cgg [200-202]. On the con-
trary, the MCC bridge of Rhg(CO)5(dppm)2(CNCH;Ph)(Cep)2
tremendously enhances communication between the two Cgg
moieties. The species undergoes sequential one-electron reduc-
tions, twice as much with respect to Cgp and displaying AES
between consecutive redox couples decreased at 0.19-0.29V
[199]. Therefore, the above purported bis-MCC species, as
a function of the conducting behaviour of the bridge, would
enable investigation of intramolecular electron-transfer pro-
cesses between the two MCC units and beyond.

At least in principle, all above procedures 1-5 could also
enable self-assembly of a variety of 1D molecular wires. Both
physicists and chemists have been and are still fascinated
by 1D or pseudo-1D materials. As this topic ranges over
organic, inorganic and organometallic chemistry, an impressive
vastness of literature is already available. Therefore, we will
limit to suggest some dedicated readings [203,204], and we
will introduce the subject as briefly as possible by citing only
some historical example, e.g. the 1D stacked square-planar
d® coordination compounds attaining short M—M contacts
along the stack upon doping (e.g. K;[Pt(CN)4]X03-3H,0
[205]) or in donor—acceptor relation with almost parallel stacks
of organic molecules (e.g. [TTF][M(dmit);] (M=Ni, Pd;
dmit =4,5-dimercapto-1,3-dithiole-2-thione) [206], o-[EDT-

TTF][Ni(dmit);] (EDT-TTF = ethylenedithiotetrathia fulvalene
[207]), the mixed-valence stacks of donor and acceptor organic
molecules such as [TTF][TCNQ] (TTF =tetrathiafulvalene,
TCNQ=17,7',8,8 -tetracyanoquinodimethane) [208]) or
[TMTSF]>[ClO4] (TMTSF = tetramethyltetraselenafulvalene)
[209], as well as conducting organic polymers such as poly-
acetylene, pyrroles and tiophenes [210,211]. The discovery of
their conducting or superconducting behaviour, combined with
physical theories anticipating high-Tc 1D superconductors
[212,213], continuously stirred up the field.

One recent example of molecular metal wire pro-
vided by coordination chemistry is the mixed-valence
{[Rh(CH3CN)4][BF4]; 5} derivative obtained by electro-
crystallisation of [Rhp(CH3CN)o][BF4]s at a Pt electrode
[214,215]. However, in spite of the presence of an infinite
sequence of alternate Rh—Rh contacts of 2.84 and 2.93 A and
mixed-valence Rh centres, the above molecular metal wire dis-
plays charge transport behaviour of a semiconductor [214].

6.1. 1D and 2D molecular arrays by self-assembly of metal
carbonyl clusters

Molecular metal wires involving metals in positive oxida-
tion states and carbon monoxide as ligand have been known
for a long time. For instance, several carbonyl halides such
as Ir(CO)X3 (X=Cl, Br) [205], Rh(CO),(acac) [216] or
Pt(CO),Cl, [217] crystallise as infinite stacks with M—M sep-
arations 10-20% longer than distance in the bulk metal. Some
of them shows metal conductivity upon doping [205]. A more
recent example involving M—M bonds supported by ligands is
{[Rh2(CF3C00)4][Rh2(CF3CO0)2(CO)4l2 } oo [218,219].

Molecular metal wires assembled by metals in zero or neg-
ative oxidation states and carbonyl groups as only ligands are
more rare. To our knowledge the first structurally characterised
example has been [CuCo(CO)4] [220]. This compound derives
by self-assembly of [Co(CO)4]~ with Cu* ions, which can give
rise either to a cyclic [Cus{Co(CO)4}4] tetramer or an infi-
nite 1D [CuCo(CO)4]s isomer displaying a zigzag chain of
metal atoms, as a function of the crystallisation procedure. A
linear [Ru(CO)4] infinite chain of metal atoms has recently
been determined by X-ray powder diffraction for the red mod-
ification of Ru3(CO)y, [221]. This has been known for a long
time but was never characterised before, owing to difficulties in
obtaining suitable crystals [222]. In the context of the present
section, however, the most pertinent example is the recently
reported {[AgRugC(CO)6]™ } o infinite superwire [194]. It has
been quantitatively assembled by reaction of equimolar amounts
of [RugC(CO) 16]>~ clusters and Ag? ions and, therefore, can
be taken as an example of condensation procedure 2, which
self-stretches to infinity. The formation of infinite chains of
ruthenium clusters and silver atoms in the crystalline state is sug-
gested to be aided by the comparable size of [RugC(CO)16]%~
cluster and [N(PPh3)>]" or [PPh4]* counterions. Both salts are
soluble in acetone, probably owing to breakdown into oligomers,
and can be recovered quantitatively upon precipitation [194].
This ready dis- and re-assembling is an important feature for
possible applications outlined later.
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Incipient self-assembly of MCC units is displayed by the
[NMe412[Nig(CO) 2] salt [223,224]. The [Nig(CO) 21> cluster
ions are pillared in ordered columns, so that there is an infinite
sequence of staggered and eclipsed Ni3(CO)g moieties alter-
nately separated by a ca. 2.5 bonding and 4.5 A non-bonding
contacts [224]. A further hint that incompletely carbonyl-
shielded [M3,(CO)s, 1>~ (M =Ni, Pt) and [Ptp6(CO)32]°~ clus-
ters can aggregate to oligomers built by up to 20-30 units came
from 232Cf plasma desorption mass spectrometry [225].

In the search of such materials, we have adopted a mod-
ification of procedure 1. The change consists in the use of
dications which behave as mild oxidising agents and can-
not establish covalent bonds with MCC. Possible exam-
ples of such cations are the redox-active 1,1’-disubstituted-
4,4’ -bipyridilium dications (viologens) [226], which exhibit
formal redox potentials comparable to those of MCC and
tunable as a function of 1,1’-substituents. Thus, metathe-
sis of preformed [Pt3,(CO)6, 1>~ (n=3-5) salts with 1,1’
diethyl-4,4’ bipyridilium dication (Et—-V>*) affords the mixed
[Et—VZ*][Et=V**]5[Pt;5(CO)30]> salt containing both the start-
ing Et=V?*, as well as the Et—V** radical mono-cation [227].
Two views of the [Et—V>*][Et—V**],[Pt;5(CO)30]» packing, one
perpendicular to the other, are shown in Fig. 15. The two dif-
ferent diethyl viologen cations are clearly distinguishable by
their frequency in the lattice and the fact that Et—V>* is twisted,
while Et—V** is substantially flat. The most interesting feature
of the structure is that [Pt} 5(CO)30]2’ dianionic moieties, even
though maintain their molecular identities, are assembled in infi-
nite columns. Within each molecular ion the Pt3(CO)¢ interlayer
distances are slightly less than 3.1 A, while the intermolecu-
lar distance (ca. 3.9 A) is shorter than in [NMey4]>[Nig(CO)12]
(4.5 A) and close to twice the likely van der Waals radius of
platinum(0). According to Hoffmann [228], an extended pillar
of [Pt3(CO)g] moieties would be characterised by development
of an energy band along the pillar. Partially filled bands can result
in structural Peierls distortions (dimer for one-half-, trimer for
one-third-, tetramer for one-quarter-filled, etc. metallic band)
[229]. From a solid-state point of view, the ordered alternance
along the columns of four short 3.1 and one long 3.5 A contacts
could signal the occurrence of Peierls distortions in 1D stack
of [Pt3(CO)6]O'4_ units. Implicit in this interpretation is that
progressive electron depletion of the band should result in pro-
gressively higher oligomers and, perhaps, conducting molecular
wires. The above considerations suggested further tuning of the
formal redox potentials of the viologen dication. Substitution of
both 1,1’ ethyl groups with —CH,—C(=0)—OEt and —CH,—C=N
moieties significantly increases the oxidising power of the vio-
logen dication [226]. By repeating the metathesis of sodium
salts of preformed [Pt3n(CO)6n]2’ (n=3-5) dianions with the
above dications, crystals of two new salts of very similar struc-
tural motif, showing small but significant differences, have been
isolated [230].

The packing of Pt3(CO)g units in the [EtO—C(=0)—
CH,—V]** salt is shown in Fig. 16. Infinite pillars of equidis-
tant (3.2 A) and perfectly eclipsed Pt3(CO)¢ units are arranged
in squeezed hexagons. [EtO—C(=0)—CH,—V]** cations and
solvent molecules probably fill the hexagonal channels. Unfor-

Fig. 15. Two views of the crystal packing of [E=V2*][Et=V**]2[Pt;5(CO)30]2.

tunately, the number and nature of both cations and solvent
molecules could not be unravelled, likely due to their small
contribution to diffraction and lack of sufficiently good X-ray
diffraction data even at low temperature (100 K). Several dif-
ferent unit cells with a varying ¢ axis and comprising seven
or more Pt3(CO)g units could be adopted. All gave similar
disappointing results. Therefore, the average charge of each
Pt3(CO)g unit is yet undetermined. Similar problems hampered
full elucidation of the structure of the related [N=C—CH,—V **
salt.
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Fig. 16. The [Pt3(CO)sloo ™ columns of the [EtO—C(=0)—CH,—V]** salt.

As an example of procedure 4, the reaction of
[Pty(CO) 181>~ with CdCl, affords a molecular [Pto(CO)18(j3-
CdCly),]*> adduct, which self-assembles into a molecular
{Cd,Cl4[Ptg(CO)13]°~ }oo 1D superwire via chloride bridges
upon crystallisation [173]. Its crystals are soluble in several
organic solvents owing to ready and complete depolymerisation.

Somehow related to procedure 5 is the remarkable conden-
sation via isocarbonyl groups of an anionic MCC, the previ-
ously unknown [Co4(CO)11 13—, with Yb(I) and Eu(I) cations
which gives rise to 1D and 2D array, as a function of rare-
earth coordinated solvent [231]. Coordination of THF to Eu(II)
favours isocarbonyl linkages of the kind m?,p4 and leads to
the 1D zigzag chain structure of {(THF)sEu[C04(CO);1]}oo. In
contrast, the tri-solvated {(Et;0)3Ln[C04(CO)1;]}s0 (Ln=Yb,
Eu) and {(Et;0)»(THF)Yb[C04(CO)11]} 00 compounds display
puckered 2D arrays built by four- and eight-membered rings via
M%,14 and Mm%,z isocarbonyl networking. To our knowledge,
these represent the first examples of 2D arrays built by MCC,
whereas 2D and 3D polymers by assembly of halide and pnico-
genide clusters are already common and actively investigated as
nanoporous materials [232].

6.2. Charge- or electron-transfer materials based on salts
of redox-active anionic clusters and redox-active
countercations

A few viologen salts of polynuclear compounds of metals
in high oxidation state have already been reported [226]. To
our knowledge, however, none of the investigated polynuclear
compounds featured redox behaviour. Electro-active organic
cations with formal redox potentials tuned with those of
redox-active MCC, such as those reported in Table 3, could
enable the preparation of new charge- or electron-transfer salt-
based materials [233]. So far the only reported example is
[Et—=V**]5[Ag13Fes(CO)s32] [132]. This salt has been obtained
by reaction of [AgsFes(CO)i6]°~ with [Et-VZ*] diiodide.
Owing to low solubility in THF [Et-V**]5[Ag3Feg(CO)s,]
separates out as a dark-green powder. The salt is soluble in
DMF with green colour and has been crystallised by lay-
ering isopropyl alcohol. Both solution and crystalline solid
have been spectroscopically investigated. Notably, the solu-
tion showed IR carbonyl absorptions identical to those of
the odd-electron [Ag 13Feg(CO)32]4'_ tetraanion but only the
EPR signal of Et-V** radical cation. Analogously, the crys-
tals showed a strong EPR signal due to the cation, while a
broad doublet typical of [Ag]3Feg(CO)32]4'_ in the solid state
became visible only at very high gain. Therefore, in view
of the presence in the crystal structure of five cations per
each anion, the latter has been formulated as the even-electron
[Ag13Feg(CO)321°~. A comparison of its molecular parameters
with those of the previously characterised [AglgFeg(CO)32]3_
[234] and [Ag13Fe8(CO)32]4’_ [235] lends support to the
above conclusion, by showing significant shortening of Ag—-Ag
and elongation of Ag-Fe bonds, as the negative charge of
the anion increases. By integration of the EPR signals the
[Ag) 3Feg(CO)3 17~/ [Agi3Feg (CO)3,1**~ ratio at least amounts
to 30 or more. The above findings are in keeping with occur-
rence of charge-transfer between anion and cation in solution and
electron-transfer in the solid state. However, it should be men-
tioned that tetrasubstituted ammonium or phosphonium salts
of even-electron [AglgFeg(CO)32]3_ and [Pt3Fe3(CO)i513~
often were found to contain trace-amount impurities of their
odd-electron congeners. The identical structure and dimen-
sions of the [Ag13FCg(CO)32]4._—[Ag13Feg(CO)32]5_ and
[PtsFe3(CO) 15]”—[Pt3Fe3(CO)15]2’ pairs of molecular clus-
ter ions favour the association also of the second ion of each
pair in the crystal lattice, every time impurities of the second ion
are present during crystallisation. That would argue against the
conclusion that the presence of [Ag;3Feg (CO)32]4' ~ inthe crys-
tals of [Et-V**]5[Ag13Feg(CO)3;] is due to an electron-transfer
process in the solid state. In any case, observation of a cou-
pling constant of the unpaired electron of [Ag 13Fes(CO)32]%
with the unique interstitial silver atom, identical to that observed
in the presence of tetrasubstituted ammonium or phosphonium
cations, points out that all conceivable intermolecular electron-
transfer processes (anion-to-anion as well as anion-to-cation)
are slow in comparison to EPR time-scale.

The structure of [Et-V**]s5[Ag;3Fes(CO)3;z] is shown in
Fig. 17. A potentially interesting feature of the packing is the
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Fig. 17. View along the a axis of the unit cell of [Et~V**]5[Ag;3Feg(CO)3,] and EPR spectrum of the crystals at low (a) and at high (b) gain.

presence of layers of stacked Et-V*®* cations alternated with
layers of [Ag13Feg(CO)32]5_ anions. The stacking motives of
Et-V** mono-cations in [Et-V**]5[Ag;3Feg(CO)3;] is shown
in Fig. 18. Pentameric aggregates displaying inter-planar dis-
tances of ca. 3.25 A and slightly longer inter-aggregate distances
of 3.6 A are clearly distinguishable.

Stacks of Me-V** (Me-V°**=1,1'-dimethyl-4,4'-bipyri-
dilium cation) with an angle of 37° relative to one another and
a constant inter-planar separation of 3.29 A were found in the
almost black crystals of its PFg ™ salt. Notably, within the stack
there are alternated Me—V** moieties revealing distinct interan-
nular C—C bond distances of 1.44 and 1.40 A. These have been
assumed to indicate a Me—V** Me-V** <> Me-V** Me—V? res-
onance deriving from a charge-transfer or self-complexation
process [236].

The interannular distances of Et—V** cations of [Et—-V**]s
[Agi3Feg(CO)3,] are strictly comparable to the above. It
is however worth remarking that attempts to assemble new
charge- or electron-transfer salt-based materials ended beyond in
giving also 1D stacks of organic radical cations with interpla-
nar separation closer than graphite. The pillaring of Et-V**
cations is probably induced by the stoichiometry of the salt,
which requires five mono-cations per each anionic moiety.
EHMO calculations suggest a weak o-interaction along the
stack between the m-MOs of Et—V** radical cations, which
would give rise either to a half-filled set of MOs in the
pentameric aggregate of [Et—-V**]5[Ag13Feg(CO)s;]. Prelim-
inary measurements indicate that substitution of tetrasubsti-
tuted ammonium cations with viologen di- and mono-cations
decreases the solid-state resistivity of these materials of orders of
magnitude.

(a)
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Fig. 18. The stack of Et—V** radical cations found in the [Et-V**]s[Ag3Feg
(CO)3z] crystal structures. The rectangle points out the repeating unit in the stack.
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7. Perspectives of nanolithography with monolayers of
metal carbonyl clusters

We will now progressively venture in an increasingly spec-
ulative territory with the wish to envision some future develop-
ment for MCC chemistry. Molecular capacitors such as MCC
appear to deserve some consideration in molecular electronics
as building units to assemble re-writable memories, as well as
applications in destructive nanolithography. Unquestionable dis-
advantages are represented by their air sensitivity and limited
thermal stability. Their handling and study has to be done under
strictly anaerobic conditions. However, some advantages arising
from their nature and properties can be envisaged. Even their
limited stability may turn out to be an advantage in some appli-
cations. Applications as re-writable memories or in destructive
nanolithography requires in primis assembly of MCC into mono-
layers or Langmuir—Blodgett films. Surfaces nano-structured
with clusters so far reported have been obtained via weak
van der Waals interactions between cluster molecules and the
substrate (e.g. Rhs(CO)12 and [Ptlz(CO)24]2_ on highly ori-
ented pyrolytic graphite [237], Aus5(PPh3)12Clg and C,S—Auy49
MPC on a variety of supports [181,238-243]), Fe4Cp4S4 and
Pt5(CO)g(PPh3)4 on stearic acid [244]. With the great majority
of MCC of Table 2 one could additionally profit of electro-
static interactions. It appears conceivable to think that both
inorganic surfaces and organic polymers functionalised with
cationic nitrogen moieties could be nano-structured by simple
dipping into solutions of anionic MCC owing to electrostatic
interactions.

Furthermore, molecular wires such as the previously
described  {[N=C—CH—V][Pt3,(CO)gyl}o0.  {[AgRucC
(CO)16]™ }oos {Cd2C14[Pt9(CO)1g]2_}OO or 2D arrays such
as those exemplified by the tri-solvated {(Et,0O)3Ln[Coy
(CO)1l}e (Ln=Yb, Eu) and {(Et20)2(THF)Yb[Co4
(CO)11]}oo compounds can perhaps be assembled and linked
to inorganic or polymer surfaces, for instance, by partial
substitution of pending chlorides or coordinated solvents with
donor functionalities of the surface. Electrostatic interactions
or coordinative linkages may provide procedures additional to
the reported techniques for self-assembling ordered monolayer
arrays of nanoparticles on solid surfaces [243]. Materials
such as those envisioned above may be amenable to studies
as re-writable memories or find applications in destructive
nanolithography.

7.1. Envisioning molecular lithography and information
storage

Molecular electronics [245] consist in the direct measurement
of the electronic behaviour of a single molecule. The electronic
properties of molecules have been investigated for years in the
gas or solid phase and in solution with photons. Electrical cir-
cuits using photons as control elements cannot be reduced to
nanometer-scale dimensions. In contrast, the tip of a scanning
tunnelling microscope (STM) or a conducting tip of an atomic
force microscope (AFM) can interrogate single molecules and
measure their current versus voltage characteristics. Indeed, Pt/Ir

Q00
O0®0
006

Fig. 19. Cartoon of an ordered monolayer of differently charged individual MCC
capacitors in consequence of their electron-sink properties and the insulating
behaviour of their CO shell.

or W tips can be made so sharp to reach a precision of 0.1 nm
on x and y and 0.01 nm on the vertical z-axis [186].

Imagine a surface covered by an ordered monolayer array of
redox-active MCC of nanometer size, such as the one depicted in
the cartoon of Fig. 19. A STM or AFM tip can be moved across
the surface to reach a given nanocapacitor and drop one electron
into it at a specific voltage and reversibly store a bit of informa-
tion. This “on” molecular nanocapacitor will exhibit a different
voltage response from other surrounding “off”” nanocapacitors.
The result would be a readable, modifiable, erasable and re-
writable surface. In such a way, molecular lithography and data
storage could be pursued.

Furthermore, more than one electron can be dropped in a
single molecular nanocapacitor. Stepwise increase of voltage
should allow charging with two, three or more electrons. There-
fore, not only binary but even more complex logics can be
implemented [246]. The inherently low speed with which the
STM or AFM tips can be moved across the surface to reach a
given location can be compensated to a certain extent by using
devices such as the “Millipede” developed at IBM. This consists
of an array of 32 x 32 of closely spaced microfabricated AFM
cantilevers, which could be independently operated as reading
or writing devices [247,248].

7.2. Envisioning destructive nanolithography

It has been demonstrated that nanoscale patterning of
Langmuir—Blodgett films of gold nanoparticles by electron-
beam lithography is viable [249]. A gold graffiti has been
produced onto a surface nano-structured with gold MPC by
selectively burning rows of nanoparticles with an electron beam.
Washing away the yet soluble unexposed nanoparticles with
solvent left painted gold nanograffitis 20-50 nm wide on the
support. A related patterning should be possible also onto mono-
layers or Langmuir—Blodgett films of MCC anchored by electro-
static or coordinative interactions onto a surface. Indeed, most
MCC will be burned by exposure to a sufficiently intense elec-
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tron beam. Several years ago Analytical Electron Microscopy
experiments on [HNi3sPte(CO)ag]°~ salts deposited on a grid
showed that upon varying the intensity of the electron beam
the original molecular cluster underwent a series of transforma-
tions up to formation of spots of the NizPt superalloy. Related
decompositions to metals or alloys were also featured by sev-
eral other MCC of different metal compositions [250-252]. For
such destructive applications a nanometric size of MCC is prob-
ably not necessary and that would open the field to a variety
of homo- and heterometallic MCC with compositions including
most elements of Periodic Table. Furthermore, nano-patterning
of surface with metal wires or dots could eventually take advan-
tage from the possibility to deposit and link to surfaces molecular
wires and 2D networks by self-assembly of MCC.

Most MCC are also unstable to UV and laser radiation, and
are thermally decomposed to metal very often below a tempera-
ture of 200 °C. These can turn out to be alternative opportunities
for the preparation of nanometer-sized architectures on surfaces.

8. Conclusions

In concluding this survey of the possible role that metal car-
bonyl clusters could play in nanoscience and nanotechnologies,
based on their documented but, deliberately, also on perhaps
visionary chemistry of MCC, it would be completely improper
to omit any mention of their most promising application in
nanotechnologies: MCC as precursors of nanometric metal par-
ticles for catalysis. MCC have been synthesized by diffusion
of suitable starting coordination compounds through the small
windows and channels interconnecting the larger cages of some
microporous material and self-assembled and trapped inside
the above cavities, the so called “ship-in-a-bottle” technique.
The cages and channels have also a function of template [253].
Larger and preformed MCC have been directly introduced in the
channels of mesoporous materials by diffusion and adsorptions.
Subsequent mild thermal treatments produce metal nanoparti-
cles or nanowires trapped within the cages or anchored along
the channels. In the case of preformed MCC the metal particles
dispersed inside the channels substantially maintain the size and
composition of the parent MCC [176]. All above nanomaterials
display enhanced activity, selectivity and stability with respect
to their corresponding conventionally prepared catalysts. How-
ever, since several authoritative reviews, written by the most
prominent contributors to the field, are already available in lit-
erature [254-257], extensive reviewing by us would have been
inappropriate.

The above achievements, the most recent outcome of MCC
chemistry described in the initial sections and the developments
outlined in the last sections would have appeared visionary to
several readers in the recent past. It seems justified to con-
clude that MCC chemistry continues to spring exciting new
results and fuels continuous interest. Structurally and compo-
sitionally well-defined MCC of nanometric size had yet a poor
impact in nanotechnologies, other than heterogeneous cataly-
sis, when compared with molecularly less-defined quasi mono-
dispersed ligand-stabilised metal nanoparticles. This could be
due, beyond other considerations, to a widespread opinion that

their synthesis and purification is troublesome. It is up to cluster
chemists to provide more tailored and easy-reproducible separa-
tions and syntheses. However, in order to understand and exploit
in nanoscience and nanotechnologies the chemical properties of
MCC which are being uncovered, there is undoubtedly an abso-
lute need to combine and concert future efforts of chemists,
physicists and material scientists.
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