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Abstract A theoretical first-principles study of Ptn(li-

gand)m (n = 1–3) metallorganic complexes is performed,

by varying the number of metal atoms and the nature and

number of organic coordinate ligands (specifically, vinylic

and arylic ligands). For each system, the nature of the

bonding, the structure and the energetics of the metal/

organic-species interaction are analyzed to derive infor-

mation on the growth of coated metal clusters in solution. It

is found that two régimes can be distinguished: a ‘‘coordi-

natively saturated’’ régime, in which the ratio among the

number of ligands and the number of metal atoms is high

and a ligand/organic p-interaction mode is preferred, and a

‘‘coordinatively unsaturated’’ régime, in which the ligand/

metal ratio is low and a ligand/organic r-interaction mode

is preferred. Reactive channels, such as oxidative insertion

of Pt into C–H bonds with the corresponding formation of

platinum hydride species, can be opened in the latter

régime.

Keywords Density-functional theory �
Metallorganic complex � Solvated metal clusters �
r-interaction � p-interaction

1 Introduction

Colloidal suspensions of transition metals are formed by

metallic particles, ranging in size between 1 and 50 nm,

which are stabilized by protective shells/layers to prevent

coalescence phenomena [1–4]. The possibility of effec-

tively stabilizing nanometric metallic particles with a high

surface/volume ratio in solution allows for a quickly

growing number of technological applications of such

colloidal suspensions, in particular (but not exclusively) in

the field of catalysis [5–10]. Bottom-up methods to produce

these systems are based on the synthesis of metallic par-

ticles starting from elementary constituents, i.e., single

atoms, ions, or small clusters. These methods primarily

consist on the reduction of metal salts via chemical pro-

cesses, the use of electrochemical techniques, the

controlled decomposition of organometallic metastable

compounds or the aggregation of metallic species in low

oxidation state. A large number of stabilizing species,

donor ligands, polymers and surfactants are used to control

the growth of the freshly formed metallic particles and to

protect the growing units from coalescence into the thermo-

dynamic equilibrium phase: the bulk crystal [11–14].

In this context, the use of olefinic complexes of metals

in a low oxidation state proves to be a clean route for

obtaining colloidal suspensions of mono- and bi-metallic

particles. In particular, the technique of metal vapor

deposition [1, 2, 15] is based on the co-condensation of

vapors of one metal and of one or more organic solvents on

the cold walls (-196 �C) of proper reactors in ultra-high

vacuum (10-4-10-6 mbar). The subsequent heating of the

reactor determines the melting of the solvent to give

solutions in which small atoms or very minute metallic

clusters (containing no more than 10 atoms, normally less

than 4) are coated by the solvent molecules or added
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surfactants. An inconvenience of this technique is repre-

sented by the low thermical stability of the solvates, which

quite often, even if kept at low temperatures, decompose

slowly with the formation of insoluble aggregates. This

determines a variation both in the concentration of the

metal in solution as well as in the size of the particles and,

as a consequence, in the catalytic properties. A possible

solution to stabilizing the solvates consists in using emul-

sifying species (such as long chain aliphatic ammines or

olefinic systems) capable of coordinating the metallic

atoms in order to prevent the coalescence of the aggregates.

Given the high affinity of Pt towards unsaturated

organic compounds, ligands based on C=C functional

groups have been devised and tested [16, 17]: using the

metal vapor deposition technique, colloidal suspensions of

platinum have been obtained in the presence of deuterated

benzene (C6D6) as solvent species and molecules of vinyl-

siloxanic compounds as stabilizing species [18]. In more

detail, the surfactants used were 1,3-divinyl-1,1,3,3-

tetramethyldisiloxane (DVS) and 1,3,5,7-tetravinyl-1,3,5,7-

tetramethyl-cyclotetrasiloxane (TVS), whose structures are

shown in Fig. 1. For both these compounds, the interaction

with platinum occurs through the terminal olefinic groups.

Experimental evidence has shown that in the presence of

only the solvent molecules the stability of these suspen-

sions at room temperature is limited to a few days, while

with the use of surfactants the stability of metal aggregates

is extended to a few months. The effective mechanisms by

which growth eventually takes place, however, are not

known, and are difficult to investigate experimentally, due

to the lack of proper characterization tools able to furnish

information on reactive processes in situ and in real time.

Computational approaches can provide a very useful

support in this sense, as it is nowadays possible to explore

the structure, energetics and dynamics of aggregates of

reasonable size with sufficient accuracy, see for example

[19], a field into which one of us (AF) was introduced by

Prof. Salvetti many years ago.

In the present article, such an enterprise is undertaken in

the specific case of neutral small Pt clusters interacting with

surfactants in which the ligand is based on unsaturated

organic groups. The lowest-energy structures of Ptnligandm

complexes where n = 1–3, m = 1–6, and ligand is a vinylic

or arylic species, have been investigated via density-func-

tional (DF) calculations. Our aim is to elucidate the nature

of the interaction, the structure of the solvated species and

the energetics of the metal/ligand detachment. It will be

shown that it is possible to derive from such studies infor-

mation useful to interpret experimental observations and

suggestions with some general significance.

The article is structured as follows. In Sect. 2, the

computational details will be given; the results will be

discussed in Sect. 3 and the conclusions will be summa-

rized in Sect. 4.

2 Computational details

Density-functional (DF) calculations have been performed

using the DFT module of the NWChem software [20],

adopting the B3LYP xc-functional [21] for the description

of the exchange-correlation energy. It is known that this

functional does not provide an adequate description of the

metal bond, especially when this is fully developed in

large clusters [22]. However, here we are dealing with

small Pt units, for which the B3LYP functional is still

appropriate. Moreover, some calculations have also been

performed by employing the BPW91 [23, 24] exchange-

correlation functional. The differences between the two

functionals will be discussed in the next section. The

structural search was mostly carried out via biased (or

inspired) guesses, i.e., by setting up reasonable initial

configurations and locally minimizing their energy at the

DF level. However, in selected cases, a few steps of a

density-functional basin-hopping (DF-BH) approach were

also performed. In the DF-BH approach [25, 26], one

Fig. 1 a 1,3-divinyl-1,1,3,3-

tetramethyldisiloxane (DVS)

and b 1,3,5,7-tetravinyl-1,3,5,7-

tetramethyl-cyclotetrasiloxane

(TVS). Oxygens in red, carbons

in green, hydrogens in white and

silicons in light blue
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starts from a random configuration and tries to explore the

PES of the system by random moves followed by local

minimizations whose acceptance is ruled by a Monte

Carlo Metropolis criterion. Alternatively, one can start the

DF-BH search from inspired guesses, in which selected

plausible structures are set up and locally minimized,

trying to exploit for the larger systems the experience

acquired with small ones.

For the DF calculations, the chosen basis set included

Gaussian functions of triple-f quality plus polarization

functions (f on the platinum atom, d on the carbon, oxygen

and silicon atoms and p on the hydrogen atom) [27, 28]. In

the case of the platinum atom, a relativistic effective core

potential (ECP) has been employed for the description of

the 60 inner electrons [28]. All calculations have been

performed spin-unrestricted and using a Gaussian-smearing

technique [29] for the fractional occupation of the one-

electron energy levels. The pictures have been obtained by

using the XCrySDen program [30].

3 Results

Our aim is to elucidate the basic principles of the metal/

ligand interaction from which models for the aggregation

and coalescence of metal clusters can be developed. In the

following, the results on Ptn(C2H4)m complexes will be

presented and discussed according to the number of Pt

atoms in the complex.

3.1 Pt1(ligand)m

Before going further into the study of the structure of

Ptn(ligand)m complexes, it is useful to conduct a pre-

liminary analysis of the Pt0/C=C interaction (carbon–

carbon double bond) in the simplest possible case: the

interaction of one platinum atom with an ethylene molecule

(C2H4), recalling some of the results obtained in [31]. In

the gas phase, the electronic configuration of the platinum

atom is a 5d96s1 triplet state. When the Pt atom interacts

with the ethylene molecule, there is a change from the

5d96s1 triplet state to the 5d106s0 singlet state. In this

transition the 6s platinum orbital is vacated, making it

available for a donation of electron density from the

organic species. The d orbitals, which now become com-

pletely filled and slightly more diffuse, are in turn available

for back-donating electron density to the p* orbitals of the

double bond. This phenomenon is apparent in the density

plots of the molecular orbitals of the Pt(C2H4) complex

shown in Fig. 2a–c. 0.5 eV are necessary to promote the Pt

atom to its valence state (averaging spin–orbit contri-

butions). Once the Pt atom is in its valence state, the

formation of the chemical bond produces a significant

amount of energy, 2.67 eV. Overall, the total variation of

energy in the reaction:

Ptþ C2H4 ! PtðC2H4Þ DE ¼ �2:17 eV ð1Þ

is equal to 2.17 eV, see Table 1, where the results obtained

on the energetics of small Pt systems are reported. When

the platinum–ethylene distance is increased, one can

observe a spin-crossing following bond breaking: the

asymptotic state (with the two fragments at infinite dis-

tance) is characterized by a different spin from the bonding

state.

The complex Pt(C2H4) can bind a second and a third

ethylene molecules, forming larger complexes, see Fig. 2d,

e. In the final Pt(C2H4)3 complex, approximately all of the

carbon atoms lye in the same plane as the platinum

atom. The bonding mechanism, with the interplay of the

r-donation and p-back-donation, is the same in the presence

of a greater number of ethylene molecules, but the energy

gains resulting from the addition of a second and third ligand

molecule are smaller than that of the reaction (1)

PtðC2H4Þ þ ðC2H4Þ ! PtðC2H4Þ2 DE ¼ �1:36 eV ð2Þ

PtðC2H4Þ2 þ ðC2H4Þ ! PtðC2H4Þ3 DE ¼ �0:74 eV

ð3Þ

These interaction energies are approximately the same

when the ethylene molecules are substituted by ligands

with vinylic terminal groups, as in the case of the three

complexes shown in Fig. 2f–h, where 1,3-divinyl-1,1,3,3-

tetramethyldisiloxane (DVS) is the ligand species. The

energies of the corresponding reactions are

Ptþ DVS! PtðDVSÞ½2f � DE ¼ �2:16 eV ð4Þ

PtðDVSÞ½2f � ! PtðDVSchelateÞ½2g� DE ¼ �1:39 eV ð5Þ

PtðDVSchelateÞ½2g� þ DVS! PtðDVSchelateÞðDVSÞ½2h�

DE ¼ �0:65 eV
ð6Þ

This leads us to conclude that ethylene molecules are good

models of ligands with vinylic terminals with a significant

reduction of the computational cost. Note that the only

significant difference is between Eqs. 3 and 6 is due to the

steric effects.

In order to complete this preliminary analysis, we have

calculated the dissociative barrier corresponding to the

detachment of one of the three vinylic groups of the

Pt(DVS)2 complex, more specifically the detachment of

the DVS non-chelated species, that is, bonded to platinum

via just one vinylic group. The energy curve was obtained

by progressively increasing the distance from the center of

mass of the exiting vinylic part and the platinum atom.

With this distance kept at a fixed value, a local optimiza-

tion of all the other degrees of freedom of the system was

carried out for every point. The obtained curve (not
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reported) shows that fragmentation of the complex occurs

without any additional energy barrier with respect to the

energy loss of the Pt/vinyl bond. As this barrier is not large

(0.65 eV), this process is predicted to be already active at

room or at a slightly higher temperature. The experimental

evidence shows that solutions containing vinylic surfac-

tants are stable for a time-span of some months at room

temperature, but for much shorter periods even with mini-

mal heating. This suggests that, once platinum becomes

coordinately unsaturated (i.e., it loses a ligand), it can

aggregate with other unsaturated species present in the

solution, thus causing a progressive growth of the metal

cluster. Once it reaches a critical size, growth accelerates,

causing a precipitation of the metal aggregate, and conse-

quently an instability of the solution.

The question that arises at this point is whether the

detached DVS ligand is substituted by one of the sur-

rounding solvent molecules (benzene or deuterated

benzene). In such a case, platinum would not be in a co-

ordinatively unsaturated state, therefore hindering the

growth of the metal aggregate. A first hint to answer this

question comes from the fact that if in the CVD process the

Fig. 2 a Structure of the

Pt(C2H4) complex and b, c two

of its molecular orbitals;

b donation process from the p
orbitals of the organic species to

a d-s hybrid orbital of the

metal; c back-donation process

from the metal orbitals to the p*

orbitals. The two isosurfaces

correspond to a density value of

0.07 a.u. Structure of the

complexes (d) Pt(C2H4)2,

e Pt(C2H4)3, f Pt(DVS) with

only one C=C bond interacting,

g Pt(DVS) with both C=C bonds

interacting, and h Pt(DVS)2.

i Structure of the Pt(C6H6)

complex and j, k two of its

molecular orbitals highlighting

the j donation and k back-

donation processes. Color
coding as in Fig. 1, with

platinums in dark grey
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co-condensation of the metal vapors happens in the pres-

ence of the solvent vapors only (without any surfactant),

the solution thus obtained is stable for a time span of few

days, indicating that the interaction with the solvent mole-

cules is much weaker than that with surfactants. To shed

some light on this point, we carried out a study of the

interaction of platinum atoms also with arylic organic

ligands. The first system looked at was the Pt/benzene

complex, see Fig. 2i–k. Figure 2j, k shows that the inter-

action between metal and organic part is very similar to the

platinum/ethylene case with the major difference that the

bond energetics is greatly reduced by the need of breaking

the aromatic system and to localize the p electrons of

benzene [32]. Benzene is thus a much weaker ligand than

ethylene (see Table 1)

Ptþ C6H6 ! PtðC6H6Þ DE ¼ �1:23 eV ð7Þ

Mesethylene, C6H3(CH3)3, often used as a solvent, behaves

in a completely analogous way with an almost identical

reaction energy

Ptþ C6H3ðCH3Þ3 ! PtðC6H3ðCH3Þ3Þ DE ¼ �1:21 eV

ð8Þ

The weakness of the Pt/aryl bonding is further confirmed

by the addition of a second and third benzene in order to

complete the coordination of the platinum atom, in analogy

to what observed in the case of vinylic ligands. The second

benzene binds with an interaction energy of 1.04 eV, while

the third benzene does not bind to the complex. The latter

fact is significant in view of the growth process in solution

because it means that in the presence of an arylic solvent,

or even an arylic surfactant, a complete saturation of the

platinum coordination valence is not reached, thus allowing

the growth of the metal cluster even at room temperature.

The same behavior occurs when platinum is coordinated to

vinylic groups and a benzene group attempts to attach

itself: a benzene molecule binds to the Pt(C2H4) complex

with an interaction energy of 0.80 eV, but is not able to

bind to the Pt(C2H4)2 complex. This shows that in the case

of the fragmentation of the Pt(DVS)2 complex considered

above, once platinum is in a coordinatively unsaturated

state due to the loss of a surfactant molecule, an arylic

solvent molecule (benzene or mesethylene) cannot replace

the vinylic ligand and block the coordination of the metal:

the only event that can take place is the addition of another

fragment leading to the formation of a Pt–Pt bond and the

consequent growth of the metallic aggregate. Eventhough

the DF approach does not take into account dispersion

interactions, the absence of covalent bonding implies small

energy barriers for the opening of the Pt coordination shell.

3.2 Pt2(ligand)m

In the gas-phase, Pt2 is a triplet: the 5d and 6s orbitals are

hybridized leading to the formation of a strong r-bond. At

the B3LYP level, the Pt-Pt bond energy is estimated to be

2.15 eV (bond distance of 2.53 Å). Note that at the BPW91

level, which is a better functional to describe neutral Pt

clusters, the bond energy rises to 3.24 eV (close to the

experimental value of 3.15 eV [33, 34]) and the bond

length decreases to 2.37 Å. Nevertheless, as we will see,

these quantitative differences do not seem to qualitatively

affect the interaction of the metal cluster with the organic

ligands.

In the case of the interaction with a single ethylene

molecule, two different configurations can be obtained: the

first, shown in Fig. 3a–c, is similar to the one observed for

the single platinum atom (p-interaction mode) and is

characterized by a r-donation/p-back-donation interaction.

For Pt2, however, the Pt/ethylene interaction is much

weaker (1.62 eV instead of 2.67 eV) and the formation of

the bond is not accompanied by any spin-crossing (the spin

state of the final complex is still a triplet): this is mainly

due to the tendency of the system to optimize the metal–

metal interaction at the expense of the weaker metal–ligand

interaction. The second configuration (r-interaction mode),

shown in Fig. 3d–f, results more stable than the former by

about 0.7 eV. In this configuration, the two platinum atoms

form real r-bonds with the two carbon atoms. This process

is accompanied by a shortening of the Pt–C distances with

respect to the p-configuration (2.02 Å instead of 2.16 Å)

and a corresponding elongation of the C–C distance in the

organic ligand (from 1.40 to 1.51 Å) due to the fact that the

double bond basically becomes a single bond. A deeper

analysis reveals that the carbon atoms are now sp3

hybridized with a tetrahedral disposition of the H atoms

around the carbons. The coupling of the unpaired d elec-

trons of the two platinum atoms with the carbons valence

electrons makes that the spin state of this complex is zero

(singlet state) and thus implies that Pt2 is in a valence state

Table 1 Energetic analysis of the Pt/ligand interaction in the case of

vinylic and arylic organic species

Complex Binding energy (eV)

Pt ? C2H4 2.17

Pt ? C6H6 1.73

Pt(C2H4) ? C2H4 1.36

Pt(C2H4) ? C6H6 0.80

Pt(C6H6) ? C2H4 1.71

Pt(C6H6) ? C6H6 1.04

Pt(C2H4)2 ? C2H4 0.74

Pt(C2H4)2 ? C6H6 B0

Pt(C6H6)2 ? C2H4 B0

Pt(C6H6)2 ? C6H6 B0

Theor Chem Acc (2009) 123:317–325 321
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(d10-d10) that can be estimated to be at least 1 eV higher

in energy than the triplet ground state [34]. The interaction

of the ethylene molecule with the dimer is indeed stronger

than in the previous case (2.32 eV = 1.62 eV ? 0.70 eV).

These results were obtained employing the B3LYP xc-

functional. By repeating the calculation with the BPW91

functional, the greater strength of the Pt–Pt bond makes

that the interaction with the organic molecule is weaker. In

fact the r-configuration (interaction energy of 2.20 eV) is

still favored over the p-configuration (interaction energy of

1.74 eV), but by only 0.46 eV, determining a quantitative

but not a qualitative difference among the two approaches.

An analysis of the molecular orbitals (MO) of the resulting

complexes highlights the electronic differences between r-

and p-interaction modes. In the p-configuration (Fig. 3b, c)

the situation is similar to that found in the case of a single

Pt atom: Fig. 3b shows the r-donation and Fig. 3c shows

the p-back-donation mechanisms. In contrast, the MO plots

of the r-configuration show that the orbitals consist of a

symmetric (Fig. 3e) and anti-symmetric (Fig. 3f) combi-

nations of true (although distorted) Pt–C covalent bonds.

In the case of the interaction of the platinum dimer with

two ethylene molecules, several configurations can be

realized. The most significant are those shown in Fig. 4a–d.

All of them are characterized by a zero net value of the total

spin, thus implying a promotion of 1 eV to the valence state

of the dimer. In the case of Fig. 4a, a double p-configuration

takes place; by pairing the unpaired d electrons, the system

sacrifices part of the metallic bond to better interact with the

organic species: this is reflected in the elongation of the Pt–

Pt distance (from 2.53 to 2.78 Å). The interaction of the

Pt2(C2H4) complex with the second ethylene molecule is

strongly decreased (0.57 eV instead of 1.62 eV), but this

decrease is also due to the spin-crossing energy penalty.

Among the four configurations shown, the lowest in energy

is Fig. 4b, where we observe a copresence of a r- and a p-

configuration. The ethylene in the p-configuration interacts

with 1.12 eV, this value being decreased by the presence of

the first group in r-configuration. Also in this case, the

functional BPW91 does not lead to any qualitative changes

of the described results, as shown by the numbers in

parentheses in Fig. 4. It is interesting to observe that,

starting from the lowest energy configuration of the species

Pt2(C2H4), the addition of the second organic group takes

place in p-configuration, whereas the formation of a second

r-configuration is higher in energy by 0.77 eV.

For the complex Pt2(C2H4)3, as shown in Fig. 4e–g, the

third organic molecule adds to the lowest configuration of

the previous complex via a p-configuration. In general, this

addition determines a global decrease of the r character of

the interaction in favor of the p-interaction; this is due to

the fact that the p-configuration is characterized by a more

delocalized character and is thus favored in the case of a

larger number of ligands. These considerations also hold in

the case of the complex Pt2(C2H4)4, see Fig. 4h, i, where

the interaction of the dimer with the four ligands in the

lowest-energy structure (4h) takes place only through

p-configurations.

It is important to note that in this case the configura-

tion in which all the four (C2H4) units interact in the

Fig. 3 a–c p-configuration of

the Pt2(C2H4) complex (total

spin S = 0) and two of its

molecular orbitals, where the

mechanism of b donation and c
back-donation is clarified. d–f
r-configuration of the Pt2(C2H4)

complex (total spin S = 1) and

two of its molecular orbitals,

where it is shown how the

donation/back-donation

mechanisms are accompanied

by the formation of r-bonds

among platinum and carbon

atoms. Color coding as in Fig. 2
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p-configuration mode is favored with respect to the one in

which two of the (C2H4) molecules interact in the r-con-

figuration mode. A transition from r-configuration to p-

configuration thus occurs as a function of the number of

ligands. We can translate this finding into information

useful for studying the growth process by distinguishing

two régimes: a ‘‘coordinatively saturated’’ régime, in which

the ratio among the number of ligands molecule and the

number of metal atoms is high, and a ‘‘coordinatively

unsaturated’’ régime, when this ratio is low. Our calcula-

tions imply that the p-interaction mode is energetically

favored in the coordinatively saturated régime, whereas the

r-interaction mode is favored in the coordinatively unsatu-

rated régime.

3.3 Pt3(ligand)m

The putative global minimum of the Pt3(C2H4)6 complex

is shown in Fig. 5a. By comparison with other r-inter-

acting configurations (not shown), it is confirmed that

r-interaction is disfavored when the number of coordinating

(C2H4) units is high. The average interaction energy of

each ethylene molecule with the Pt trimer is now 0.92 eV

(for a total DE of 5.52 eV). Figure 5b, c show another

Fig. 4 a–d Configurations of

the Pt2(C2H4)2 complex; e–g
configurations of the Pt2(C2H4)3

complex; h, i configurations of

the Pt2(C2H4)4 complex. For

each structure, the relative

energy is indicated at the

B3LYP level and, in

parenthesis, at the BPW91 level.

The total spin is S = 0 for all

the configurations shown. Color
coding as in Fig. 2

Theor Chem Acc (2009) 123:317–325 323
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interesting effect. Figure 5b represents the lowest-energy

configuration of the complex Pt3(C2H4)3 obtained impos-

ing the p-coordination mode, with an average interaction

energy of each ethylene molecule with the Pt trimer in the

triangular configuration of 0.51 eV (for a total DE of

1.53 eV). If, however, one relaxes this geometrical con-

straint and performs a few steps of a DF-BH algorithm,

the structure of Fig. 5c results. It can be noted that Fig. 5c

corresponds to the oxidative insertion of Pt into a C–H

bond, and, at the B3LYP level, is lower in energy by

0.33 eV with respect to the Fig. 5b. We can thus predict

that in the coordinatively unsaturated régime, reactive

channels can be opened, with the formation of Pt hydrides.

This rationalizes the experimental NMR observation of

signals in the hydride regions especially in non-controlled

surfactant-poor conditions [17, 35]. It can also be noted

that the total spin for all the configurations shown in Fig. 5

is S = 0: again, the interation with the ligands promotes

the Pt cluster to a valence state in which the local spin is

quenched (the ground state of the Pt trimer is a triangular

triplet, even though a triangular singlet is only 0.03 eV

higher in energy, while the linear arrangement has S = 2

and is 1.04 eV higher in energy with respect to the ground

state [34]).

4 Conclusions

In this work, a theoretical first-principles study of the

Ptn(ligand)m (n = 1, 3) metallorganic complexes has been

performed, by varying the number of metal atoms and the

nature and number of organic coordinate ligands (specifi-

cally, vinylic and arylic ligands). From the analysis of the

results, several conclusions can be drawn.

First of all, ethylene has been shown to be a good model

(at least, at the electronic level) for the vinylic functional

groups of the DVS ligand. Clearly, the steric properties are

different: in the case of DVS, steric hindrance can disfavor

the achievement of full coordination thus favoring growth

or, on the opposite, can impose constraints on reactive

processes.

Second, the Pt/carbon–carbon double bond interaction

has a many-body character, i.e., the binding energy appre-

ciably decreases with the number of interacting C=C units.

Third, aromatic species are much weaker ligands than

vinylic species, due to the need of disrupting p-electron

conjugation. This fact, coupled with the many-body char-

acter of the Pt/ligand interaction, makes that a third

aromatic molecule does not bind to a doubly coordinated Pt

center, thus leaving it free for further aggregation.

Fourth, the many-body character of the Pt/ligand inter-

action also makes that the detachment energy barriers of a

fully coordinated Pt center are not high, and can be over-

come at room or slightly higher temperatures.

Fifth, when considering metal dimers or larger clusters,

there exist two metal/organic binding mechanisms: one

involving the formation of r bonds between Pt and C atoms

(r-interaction mode) and one in which the metal/ligand

interaction takes place through a donation/back-donation

mechanism (p-interaction mode). The latter mechanism is

the only one occurring for a single Pt atom. It can be noted

that the need to locally vacate the Pt s orbitals in the

p-interaction mode or to make this orbital available to

covalent bonding in the p-interaction mode, entails a pro-

motion of the Pt atom to a valence ‘‘interaction’’ state with

a corresponding quenching of the local spin. This promo-

tion, which for small clusters corresponds to a weakening

of the metal–metal bonds, has an energy cost that must be

taken into account when evaluating or predicting the Pt/

ligand binding energy or parametrizing Pt/ligand empirical

potentials, and represent the metal analogue of the prepa-

ration of the fragments in the interacting state discussed in

[36].

Sixth, two régimes can be distinguished: a ‘‘coordin-

atively saturated’’ régime, in which the ratio among the

number of ligands and the number of metal atoms is high

and the ligand/organic p-interaction mode is preferred, and

a ‘‘coordinatively unsaturated’’ régime, in which this ratio

is low and the ligand/organic r-interaction mode is pre-

ferred. The coordinative unsaturation typical of the latter

régime favors more complicated, reactive processes, such

as oxidative insertion of Pt atoms into a C–H bond.

Fig. 5 a Putative global

minimum of the Pt3(C2H4)6

complex; b p-configuration of

the Pt3(C2H4)3 complex; c
insertion of a Pt in the C–H

bond to give an hydride

complex. At the B3LYP level, c
is lower in energy by 0.33 eV

with respect to b. The total spin

is S = 0 for all the

configurations shown. Color
coding as in Fig. 2
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These conclusions are in tune with available experi-

mental data, and suggest a positive role of theoretical

simulations in the study of the nuclation and growth of

metal clusters in the homogeneous phase in terms of

accurate prediction of the energetics and of the kinetic

growth parameters.
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