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Abstract Ab initio calculations suggest that a series of

complexes of the [Pt3(l-CO)3(PH3)3]–MPH3
? type (M = Cu,

Au, Ag) are stable. We have studied these complexes at the

HF, MP2, B3LYP, and PBE levels of theory. The magnitude

of the interaction energies and Pt3–M distances indicate a

substantial covalent character of the bond, the latter being

confirmed by orbital diagrams. The chemical bond is sensi-

tive to electron correlation effects. In addition, the Fukui

index of nucleophilic attack and electrophilicity index on the

metal were used to explore possible sites where chemical

reactivity may play a role.

Keywords Platinum clusters � Metallic interactions �
Coin metals

1 Introduction

Since the 1960s, the chemistry of clusters has produced

varied complex structures, the most widely studied of

which are triangular trimetallic units, M3 [1]. For several

years, the cluster chemistry of Pt(0) in particular has had

considerable appeal: synthetic [2], structural, [3] and

spectroscopic [4] studies on a large number of clusters

containing Pt3 units have been reported, including struc-

tures that have been characterized [5] by IR, NMR, and

X-rays.

A metal cluster is group of metal atoms bound directly

to each other. A metal cluster can be isolated (naked) or

associated with a given number of ligands [6]. The

molecular clusters can be classified according to the pres-

ence and nature of the ligand, which can be a bridging

ligand or terminal ligand. Some of the most frequently used

techniques to elucidate the structure of clusters are X-ray

crystallographic studies [5, 6], nuclear magnetic resonance

(NMR), and infrared spectroscopy [6–8]. As mentioned

earlier, the triangular trimetallic structure M3 can react as

Lewis bases or acids [1]. The elements of the triad of nickel

form these complexes with a triangular metal framework.

Heterometallic clusters with Pt3 have received a lot of

attention in homogeneous and heterogeneous catalysis [9].

A particularly versatile block is [Pt3(l-CO)3(PR3)3)] [10],

because it shows HOMO–LUMO heterometallic between

the triplatinum and the other metal units, giving the cluster

both r-donor and weak p-acceptor properties. Thus, this

[Pt3(l-CO)3(PR3)3)] (R = -PCy3;-PPh3) cluster can form

two ‘‘sandwich-like’’ and other ‘‘half-sandwich-like’’ het-

erometallic clusters with Cu, Ag, and Au [1, 11]. The type

of the interaction is d10–d10 between Pt3 core and coin

metal. The interactions have been theoretically described

first time by Pekka Pyykkö [12, 13]. When the [Pt3(l-

CO)3(PR3)3)] cluster reacts with two Hg atoms, it forms the

sandwich type. It can also react with donors like PR3 and

CO [14].

The electronic and structural features of triangular

platinum clusters have been studied by extended Hückel

molecular orbital theory (EHT) calculations [15]. The

cluster-bonding orbitals at the EHT level are markedly

stabilized by edge-bridging ligands. In the [Pt3(l-

CO)3(PH3)3]–AuPH3
? models, the AuPH3

? fragments cap

the Pt3 triangles by utilizing the acceptor orbital of a1

symmetry localized on gold [16, 17]. To our knowledge, no
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ab initio studies at a higher level have been reported for the

systems presented in this study.

We have predicted a number of stable complexes of the

type [Pt(PH3)3–M(PH3)]? (M = Cu, Ag, Au) [18] based

on ab initio calculations at HF, MPn (n = 2, 4), CCSD,

CCSD(T), B3LYP, and PBE0 levels of theory. These

complexes exhibit a strong closed shell d10–d10 interaction;

the magnitudes of the interaction energies are in the ranges

of 198 (HF) and 251 kJ/mol (B3LYP), magnitudes asso-

ciated with covalent bonds [19]. Concluding that the

equilibrium distances and interaction energy are sensitive

to the electronic correlation potential, the interaction is

mainly orbital driven, with a strong dipole induced and

dispersion component present.

Many efforts have been made to obtain some general-

izations that allow us to rationalize experimental features

such as structure and reactivity, and also the implementa-

tion of quantitative theoretical calculations. Therefore, the

interest of this work is to study the structure, binding

properties, and reactivity of these triangular platinum

clusters, Pt3, in addition to predicting the reactivity of the

system through the frontier orbitals by analysing the Hard/

Soft–Acid/Base principle [20], applying the density func-

tional theory (DFT) concept [21–24].

2 Models and computational methods

A simplified model of the experimental structures with the

general formula of [Pt3(l-CO)3(PPh3)3]–MPPh3
? (M = Au,

Ag, Cu) is depicted in Fig. 1. The structure assumes C3v

point symmetry. In order to keep the computations feasible,

we use phosphine (PH3) instead of the original triphenyl-

phosphine ligands. Although it has been shown that there

are deviations from experimental values used at high level

as the CCSD(T) method [25]. Moreover, we have studied

the [Pt3(l-CO)3(PH3)3] complex and MPH3
? separately for

the purpose of comparing the structures.

The theoretical studies have been carried out by ab initio

calculations available in the Gaussian03 program [26] at the

Hartree–Fock (HF), second-order Møller–Plesset perturba-

tion theory (MP2) [27], B3LYP, and PBE [28]. The aim of

including DFT calculations is to show that these systems

with strong metal–metal interactions be described by DFT.

This was demonstrated in [Pt(PH3)3–M(PH3)]? (M = Cu,

Ag, Au) [18, 19]. For the heavy elements Pt, Au, Ag, and Cu,

the Stuttgart small-core pseudorelativistic effective core

potentials (PP) were used: 18 valence electrons (VE) for Pt

and 19 for Au, Ag, and Cu [29]. Two f-type polarization

functions were added: Pt (af = 0.70, 0.14), Au (af = 0.20,

1.19), Ag (af = 0.22, 1.72), and Cu (af = 0.24, 3.70) [30].

The C, O, and P atoms were also treated with PP, using a

double-zeta basis set and adding one d-type polarization

function [31]. For hydrogen, a valence-double-zeta basis set

with one p-polarization function was used [32].

The counterpoise correction for the basis set superpo-

sition error (BSSE) was used for the calculated interaction

energies. We have fully optimized the geometry of the

model for each one of the methods mentioned previously.

With the aim of understanding the interaction of the

electrophilic fragment MPH3
? (M = Au, Ag, Cu) with the

[Pt3(l-CO)3(PH3)3] cluster, we have used the conceptual

density functional theory (CDFT). The chemical potential

(l) and chemical hardness (g) from operational DFT [21–24]

are defined as:

l ffi � IPþ AEð Þ
2

ð1Þ

g ffi IP� AEð Þ
2

ð2Þ

where IP is the ionization potential, and AE is the electron

affinity. These two quantities can also be defined based

on orbitals; on the basis of Koopmans’ theorem as IP &
-EHOMO and AE & -ELUMO, where EHOMO and ELUMO are

the energies of the highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO),

respectively. On the other hand, the electrophilicity index

(x) is defined as [33]

x ¼ l2

2g
ð3Þ

It is a measure of electrophilicity of the ligand and

corresponds to a measure of electrophilic power. The higher

its value, the greater its electrophilic ligand capacity. In

addition, to see reactive sites, the Fukui local function [33]

for electrophilic fragments was determined on a finite-

difference basis by the gross natural charge (q) at M, where
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Fig. 1 The [Pt3(l-CO)3(PH3)3]–MPH3
? (M = Au, Ag, Cu) model
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M represents a metal atom in the fragment with N ? 1

electrons. The Fukui index for nucleophilic attack is given as

fþM ¼ qMðN þ 1Þ � qmðNÞ ð4Þ

Thus, a local electrophilicity has been introduced to

analyze the electrophile–nucleophile reactions. It is defined

as

xþM ¼ xfþM : ð5Þ

3 Results and discussion

3.1 Structural description and bonding energies

We have assumed for all clusters a singlet ground state.

The experimental data indicate that the clusters are dia-

magnetic [4–7]. Tables 1, 2, and 3 summarize the main

geometric parameters and interaction energies obtained for

the optimized geometries at several theoretical levels. The

experimental values are taken from solid-state X-ray.

The theoretical values are within the experimental ones.

The magnitudes of MP2 are the shortest, followed by

B3LYP and PBE.

As to the Pt–M distances and the interaction energy (see

Table 3), it is clear that electronic correlation effects play

an important role in the stability of the system. The Pt–M

distances obtained with all methods are close to that of a

typical single bond, with the shortest distance obtained

with the MP2 method [15]. The same goes for M–P dis-

tances. In the case of gold fragments, Au–P distances of the

electrophile increase slightly at all theoretical levels

when the complex is formed [34, 35]. Also, the system’s

H–Pt–P angle shows less deviation compared with the free

[Pt3(l-CO)3(PH3)3], e.g. 117�–119� at MP2 level.

The magnitude of the interaction energies obtained

varies between 162 (HF) and 492 kJ/mol depending on the

method and fragment used (MP2). Such magnitudes are

generally associated with covalent bonds. This might be

indicative of an orbital stabilization due to the formation of

stable adducts between the [Pt3(l-CO)3(PH3)3] and the

[MPH3]? fragments. The complexes are already stabilized

at the HF level as shown in Table 3. A strong oscillation of

the interaction energy is seen depending on the method

used. It is clear that the electron correlation component

plays an important role. When this term is included, an

increased interaction energy is obtained.

In order to get a better insight into such stabilization, HF

orbital energies for [Pt3(l-CO)3(PH3)3]–MPH3
? (M = Au,

Ag, Cu) complexes with MP2 geometry have been

depicted in Fig. 2. The frontier molecular orbital posi-

tions in the orbital energy spectra of the three complexes

are very similar, with a HOMO-LUMO gap of approxi-

mately 7.7 eV for all the complexes. The energy of the

frontier molecular orbitals in the diagram of the three

complexes is very similar because the fragments are

isolobal. They have the same number of bonding orbitals

and similar but not necessarily identical shapes and

symmetries.

Figure 3 is an interaction diagram for the frontier

molecular orbitals of the [Pt3(l-CO)3(PH3)3] and CuPH3
?

fragments. Similar results were obtained for AuPH3
? and

AgPH3
?. In the figure, the left and right sides correspond to

the frontier levels of the platinum complex and CuPH3
?,

respectively. The center of the diagram corresponds to the

molecular orbitals for the [Pt3(l-CO)3(PH3)3]–CuPH3
?

Table 1 Main geometric parameters of the [Pt3(l-CO)3(PH3)3]

complex (distances in pm and angles in degrees) at different levels of

calculation

Complex Method Pt–Pt Pt–P P–H C–O HPPt� OCPt�

[Pt3(l-CO)3

(PH3)3]

HF 273.7 233.7 141.2 113.0 118.8 139.9

MP2 261.9 226.1 142.0 117.7 118.8 140.7

B3LYP 271.3 230.8 143.1 116.4 119.3 139.8

PBE 268.7 228.8 144.6 117.8 119.8 139.9

[Pt3(l-CO)3

(PPh3)3]a [5]

Exp 275.0 225.2 117.2 140.5

[Pt3(l-CO)3

(PCy3)3]b [5]

Exp 265.5 227.5 117.5 140.3

a PPh3 is triphenylphosphine

b PCy3 is tricyclohexylphosphine

Table 2 Main geometric parameters of the MPH3
? fragment (M = Au,

Ag, Cu)

Fragment Method M-P P–H HPM�

AuPH3
? HF 239.2 140.2 114.5

MP2 225.1 140.9 113.1

B3LYP 229.5 142.0 113.5

PBE 226.6 143.5 113.3

AgPH3
? HF 260.9 140.6 116.4

MP2 240.2 141.1 115.8

B3LYP 243.9 142.2 115.9

PBE 239.1 143.6 115.8

CuPH3
? HF 237.2 140.5 115.9

MP2 217.7 141.0 115.4

B3LYP 221.3 142.2 115.3

PBE 217.8 143.6 115.3

Distances in pm and angles in degrees at different levels of

calculation
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Table 3 Main geometric parameters of the [Pt3(l-CO)3(PH3)3]–MPH3
? complex (M = Au, Ag, Cu)

System Method Pt–M Pt–Pt Pt–P C–O M–P HPPt� PMPt� V(Re)

[Pt3(l-CO)3(PH3)3]–AuPH3
? HF 292.3 275.3 237.1 112.4 238.4 117.7 116.7 -199.9

MP2 269.8 263.0 228.5 117.1 225.7 117.4 116.8 -492.6

B3LYP 284.9 273.3 233.7 115.7 231.8 117.2 117.3 -268.3

PBE 280.8 270.5 231.7 117.1 229.3 118.4 117.6 -309.3

[Pt3(l-CO)3(PH3)3]–AgPH3
? HF 295.4 274.9 236.8 112.5 260.5 117.8 117.8 -162.5

MP2 270.3 262.8 228.6 117.3 234.5 117.5 118.0 -411.0

B3LYP 285.6 273.1 233.7 115.9 243.6 118.3 118.4 -230.9

PBE 281.5 270.7 231.7 117.2 238.7 118.5 118.8 -265.9

[Pt3(l-CO)3(PH3)3]–CuPH3
? HF 273.8 274.9 237.1 112.4 238.7 117.8 117.7 -190.8

MP2 253.3 262.3 228.9 117.2 212.7 117.4 118.1 -421.5

B3LYP 272.9 264.5 233.8 115.7 222.7 118.2 118.3 -268.6

PBE 260.9 270.3 231.8 117.2 219.7 118.4 118.7 -309.6

[Pt3(l-CO)3(PCy3)3]–AuPCy3
? [5] Exp 275.8 270.8 227.3 227.0

[Pt3(l-CO)3(PPh3)3]2–Au? [12] Exp 272.8 268.3

[Pt3(l-CO)3(PPh3)3]2–Ag? [12] Exp 283.6 266.6

[Pt3(l-CO)3(PiPr3)3]–CuPiPr3
?a [12] Exp 260.4 267.1

Distances in pm and angles in degrees at different levels of calculation. The interaction energy V(Re) is shown with BSSE (kJ/mol)
a P iPr3 is tribulkytertiary phosphine
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complex. Four orbitals show a strong interaction: 55a1,

58a1, 68a1, and 85a1, whereas the molecular orbitals

remain unchanged. The orbitals generate the bonding

(55a1, 58a1) and antibonding (68a1, 85a1) sigma levels

from dz2 (Pt) and dsp (Cu), respectively. These results

clearly indicated a net effect of bonding through the orbital

interactions. This magnitude is associated with covalent

bonds.

Table 4 shows the natural bond orbital (NBO) popula-

tion analysis based on the MP2 density of the complexes.

Where atomic charges can be distinguished, we see that the

Au charge (?0.426) in the [Pt3(l-CO)3(PH3)3]–AuPH3
?

system decreases compared to the Au-free electrophilic

AuPH3
? (?0.646), which indicates that Au is accepting

electrons from the Pt3 moiety. In contrast, the Pt charge

(-0.025) in the system increases compared to the free

[Pt3(l-CO)3(PH3)3] (-0.006) cluster, where Pt is gaining

electrons. A similar situation is seen when the electro-

philes are Cu and Ag. The charge is transferred from the

[Pt3(l-CO)3(PH3)3] system to the MPH3
? fragment in the

[Pt3(l-CO)3(PH3)3]–MPH3
? complex. The charge flow

comes from the carbonyls and phosphines and is greater

when the electrophile is the Au fragment, followed by Cu

and finally Ag. The gross population per atom shell shows

changes in the bond between the metal fragments due to

electronic transfer. Thus, real effect is a inductive charge

transfer where the electrophilic unit withdraws charge from

the Pt3 core. The Pt3 core then compensates for the electron

deficiency by pulling charge from the ligands.

3.2 Reactivity of electrophilic fragments

Table 5 shows the global and local properties of the elec-

trophile fragments. Electrophiles were analyzed from

conceptual DFT using Eqs. 1–5 at the MP2 and B3LYP

levels, where an order of hardness can be established for

the electrophile fragments: Au\Cu\Ag. Experimentally,

the order of formation is the same, Au[Cu[Ag, which

indicates that gold is the most stable complex with the

[Pt3(l-CO)3(PH3)3] cluster. The electrophilicity index also

indicates that the Au fragment is the most electrophilic of

the three, indicating that it is a better electrons acceptor

because it is more polarizable. The parameter in both

methods changes due to different magnitudes of the fron-

tier orbitals.

The local reactivity of electrophiles has been studied

using the condensed Fukui function. At the B3LYP and

MP2 levels, the following order of local reactivity

Au[Cu[Ag is seen. The local electrophilicity index on

the metal (xM
?) gives the same tendency. All this local reac-

tivity is correlated with the interaction energy of [Pt3(l-CO)3

(PH3)3]–MPH3
?. Table 3 shows that the energy of for-

mation of the complex at the theoretical levels follows the

Au[Cu[Ag trend.

Fig. 3 Orbital energy diagram

for the [Pt3(l-CO)3(PH3)3]–

CuPH3
? complex

Theor Chem Acc (2011) 129:381–387 385

123



4 Conclusions

The [Pt3(l-CO)3(PH3)3]–MPH3
? (M = Au, Ag, Cu) com-

plexes are stable at several levels of the theory. It is

concluded that the equilibrium distances and interaction

energy correspond essentially to an orbital interaction in

the magnitude of a covalent bond. The analysis of bonding

and antibonding orbitals accounts for such interaction. The

charge transfer is mainly due to the carbonyl and the

phosphine, while platinum atoms and electrophiles receive

charge. According to the Fukui and electrophilicity local

indices, stability in the series increases from Ag to Cu to

Au. The formation energy of the complex at the theoretical

levels follows the same trend, which reproduces the

experimental results.
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