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Abstract

We studied the attraction between [Pt(PH3)3] and Tl(I) in the [Pt(PH3)3]–Tl
+ complex using ab initio methodology. We found

that the changes around the equilibrium distance Pt–Tl and in the interaction energies are sensitive to the electron correlation
potential. This effect was evaluated using several levels of theory, including HF, MPn (n = 2–4), CCSD and CCSD(T). The
obtained interaction energies differences at the equilibrium distance Re (Pt–Tl) range from 134 to 205 kJ/mol at the different levels
used. At long-distances, the behaviour of the [Pt(PH3)3]–Tl

+ interaction may be related mainly to charge-induced dipole and
dispersion terms, both involving the individual properties of [Pt(PH3)3] and thallium ion. However, the charge-induced dipole term
(R�4) is found as the principal contribution in the stability at the long and short distances. The dispersion interaction is smaller, but
not negligible near equilibrium distance.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The group of Catalano has synthesized and reported
a series of compounds with bonding interactions in
closed-shell systems between d10 Pt(0) or Pd(0) and s2

ions such as Tl(I) or Pb(II) [1–4]. Some of these com-
pounds were obtained by direct reaction of d10-metallo-
cryptands and ions or by reaction with coordinated
compounds such as [Pt(PPh2Py)3] and Tl(I) ion. Cata-
lano has indicated for the [Pt(PPh2Py)3–Tl]

+ complex:
�the origin of this metallophilic attraction is not com-
pletely understood�. NMR studies in solution for com-
pounds that contain 205Tl and 195Pt have been carried
out in order to establish a high stability of this hetero-
metallic bond [1].

Closed-shell interactions range from extremely weak
van der Waals forces to metallophilic and extremely
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strong s2–s2 interactions [5,6]. In fact, it is possible to
find reports in the literature for diatomic systems with
d10–s2 strong closed-shell interactions such as AuHg+

and AuXe+ with interaction energies of 179 and
87 kJ/mol, respectively [7–9]. In these systems, two
complementary forces have been identified: charge-
induced dipole (cid) and dispersion (disp) interactions
[10].

The aim of the present work is to study theoreti-
cally the intermolecular interaction d10–s2 using the
[Pt(PH3)3Tl]

+ complex as a model, comparing the
Pt(0)–Tl(I) distances and estimating the strength of this
interaction at the HF, MP2, MP3, MP4, CCSD and
CCSD(T) levels by means of used scalar relativistic
pseudopotentials (PPs). In addition, in order to esti-
mate the nature of the intermolecular interactions,
we have included two simple expressions: charge-
induced dipole and dispersion, calculated from the
individual properties of [Pt(PH3)3] and Tl(I) at MP2
level [7,10].
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Fig. 1. The intermolecular interaction models of [Pt(PH3)3Tl]
+.

Table 1
Main geometric parameters of the model studied [Tl–Pt(PH3)3]

+

Parameters HFa MP2 MP3 MP4 CCSD CCSD(T)

Pt–Tl (pm) 279.9 266.9 281.3 275.7 279.2 277.3
Pt–P (pm) 242.9 233.6 236.4 235.2 235.7 234.6
P–H (pm) 141.1 141.9 141.5 141.2 141.6 141.6
<P–Pt–Tl (deg) 90.0 90.0 90.0 90.0 90.0 90.0
<P–Pt–P (deg) 120.0 120.0 120.0 120.0 120.0 120.0
<H–P–Pt (deg) 119.2 119.4 120.4 119.7 120.3 119.8

Distances in pm and angles in degrees.
a Experimental distances and angle in [Pt(PPhpy)3Tl] Æ (NO3) and

[Pt(PPhpy)3Tl] Æ (CH3CO2) complexes by Pt–Tl = 289.9 and 286.6 pm;
Pt–P = 228.6 and 227.6 pm; <P–Pt–Tl = 92.0� and 92.7�, respectively.
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2. Computational details

A simplified model of the experimental structure with
the general formula [Pt(PPh2Py)3Tl]

+ is depicted in
Fig. 1. The structure assumes a C3v point symmetry.
In order to avoid the large computational effort, we
use phosphine (PH3) instead of the original diphenyl-
2-pyridylphosphine ligands. Hereby, the theoretical
model and the experimental information is comparable
only for the atoms of Tl and Pt. The calculations were
done using GAUSSIAN 98 [11]. For the heavy elements
Pt and Tl, we used the Stuttgart pseudopotentials
(PP): 18 valence-electron (VE) for Pt and 21-VE for Tl
[12]. Two f-type polarization functions were added to
Pt (af = 0.70, 0.14) [13] and Tl (af = 1.0, 0.36) [14]. Also,
the P atom was treated with PP, using double-zeta basis
set and adding one d-type polarization function [15].
For hydrogen a valence-double-zeta basis set with p-
polarization functions was used [16].

The Pt(0)–Tl(I) intermolecular interaction energy was
obtained using each of the following methods: HF,
MP2-MP4, CCSD and CCSD(T). Though the computa-
tional methodologies do not consider spin–orbit interac-
tions, the complex under investigation is a closed-shell
singlet; hereby they should have only a minor
importance.

The counterpoise correction for the basis-set super-
position error (BSSE) was used for the interaction ener-
gies calculated. We have fully optimized the geometry of
the model for each one of the methods mentioned
above. Although, it is known that the MP2 approxima-
tion exaggerates the attractive interactions, this method
gives a good indication of the existence of some type of
interaction [17,18].
3. Results and discussion

Table 1 summarizes the principal geometric parame-
ters obtained for the optimized geometries. The interac-
tion energies and the force constants Pt–Tl obtained in
several theoretical levels are shown in Table 2. In this
section, we will discuss about the geometries and the
energies of interaction Pt� � �Tl in the complex. The nat-
ural bond orbital (NBO) analysis is given in Table 3.
Finally, the nature of the intermolecular interactions
will be studied as simple inductive and dispersion
expressions obtained for the individual properties of
the platinum complex and the thallium ion (Table 4).

3.1. Short-distance behaviour

According to Table 1, the main parameters obtained
by the method CCSD(T) are alike to the experimental
values that those of the HF method. Concerning the
Pt–Tl distance and the interaction energy (see Table
2), it is clear that the electronic correlation effects play
an important role in the stability of system. The Pt–Tl
distances obtained with all methods are close to the
experimental ones; however, the distance obtained with
the MP2 method is the shortest. It is worth noting that
the MP2 approximation overestimates the metallic inter-
actions [17,18]. According to a recent work of Pyykkö
and Patzchke [19] about the nature of the Pt–Tl bonds,
a distance Pt–Tl between 300 and 280 pm could express
a strong closed-shell interaction. The distances obtained
in this work indicates that the Pt� � �Tl contact is a strong
closed-shell interaction, which goes beyond the classic
metallophilic interaction [20,21]. The Pt–Tl force con-
stants (F) calculated in the complex (also shown in the
Table 2) are indicative of a weak interaction.

The magnitude of the energies of interaction obtained
varies according to the method used between 134 kJ/mol
(HF) and 205 kJ/mol (CCSD(T)). Such magnitude is
generally associated with covalent bonds, though the
obtained distances are nearest to a weak metallophilic
interaction. This might be indicative of an orbital stabil-
ization due to the formation of stable adducts between
the fragment of platinum and the thallium ion. The
complex is already stabilized at the HF level as can be
appreciated in Table 1.

To obtain a better insight on such stabilization, we
have depicted in Fig. 2 an interaction diagram for the
frontier molecular orbitals of both fragments [Pt(PH3)3]
and Tl+. In the figure, the left and right side of the cor-
respond to the frontier levels of the platinum complex
and thallium ion, respectively. The centre of the dia-
gram corresponds to the molecular orbitals for the



Table 2
Optimized Pt–Tl distance (Re), in pm

HF MP2 MP3 MP4 CCSD CCSD(T)

Pt–Tl 279.9 266.9 281.3 275.6 279.2 277.3
DE �134.12 (�0.05087) �202.63 (�0.07732) �136.05 (�0.05165) �205.52 (�0.07840) �171.57 (�0.06536) �203.59 (�0.07762)
F 66.1 125.1 66.4 92.7 82.7 97.1

Interaction energies (DE), with counterpoise correction, in kJ/mol (in parentheses a.u.). Force constant (F) Pt–Tl, in Nm�1.

Table 3
NBO analysis of the MP2 density for [Tl–Pt(PH3)3]

+, [Pt(PH3)3] and Tl(I)

System Atom Natural Natural electron configuration

[Tl–Pt(PH3)3]
+ Tl 0.7179 5d10.0 6s1.91 6p0.355f0.10 6d0.04 7p0.03

Pt �0.2984 5d9.23 6s0.73 6p0.11 7s0.01 5f0.11 6d0.10 7p0.01

P 0.1008 3s1.40 3p3.39 3d0.07 4p0.03

H 0.0309 1s0.97

[Pt(PH3)3] Pt �0.2743 5d9.31 6s0.68 6p0.07 7s0.01 5f0.11 6d0.11 7p0.01

P 0.1158 3s1.41 3p3.35 4s0.01 3d0.08 4p0.04

H �0.0081 1s1.00 2p0.01

Tl(I) Tl 1.0000 5d10.0 6s2.00 6p0.00

Table 4
Finite field calculations (a.u.) of electric properties of [Pt(PH3)3] and
Tl(I) at MP2 level

Properties [Pt(PH3)3] Tl(I)

Polarizability (a) 125.7233 18.8141
First ionization potential (IP1) 0.2710 0.6749
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[Pt(PH3)3–Tl]
+ complex. Two orbital show a strong

interaction: 26a1 and 29a1, whereas the molecular orbi-
tals remain without changes (except the LUMO level).
Fig. 2. Interaction diagram obtained for the frontier mo
Both orbitals generate the bonding (26a1) and antibond-
ing (29a1) sigma levels from dz2 (Pt) and 6s2 (Tl),
respectively. These two molecular orbitals are doubly
occupied. These results clearly indicated a net effect of
no bonding through the orbital interactions.

The natural bond orbital (NBO) [22] population
analysis for the complex is shown in Table 3. This anal-
ysis is based on the MP2 density. From the Table 3, it is
possible to observe a charge transfer from the [Pt(PH3)3]
fragment toward the thallium ion (0.2821e) in the
lecular orbitals for [Pt(PH3)3] and Tl+ fragments.



480 F. Mendizabal et al. / Chemical Physics Letters 412 (2005) 477–481
[Pt(PH3)3–Tl]
+ complex. The charge on Tl ion is mainly

due to a charge transfer from the hydrogen atoms. The
platinum shows no variability in its charge. This would
suggest a weak interaction between the platinum com-
plex and Tl ion. The gross population per atom shell
shows that for the 6p orbital (0.35e) belonging to thal-
lium take advantage of this charge transfer by increasing
its occupation. The charge of the 6s orbital, on the con-
trary does not change maintaining its inert character. In
this system does not exist hybridization between
[Pt(PH3)3] and Tl orbitals.

3.2. Long-distance behaviour

The HF and MP2 results for the long-distance attrac-
tion between [Pt(PH3)3] and Tl+ are shown in Fig. 3.
Energy minima occur at Re (see Table 2). At the equilib-
rium distance Re (Pt–Tl), the differences in energy
between HF and MP2 levels corresponds to the elec-
tronic correlation effects. At long-range distances, it
can be noticed that the HF term is prevailing. We have
used the Eq. (1), to describe the terms involved in the
limit of large distances. This equation includes the
charge-induced dipole (cid) and the dispersion terms,
which can be used to understand the predominant
mechanism of bonding

E ¼ Ecid þ Edisp

¼ � 1

2

aPtq2

R4
� 3

2

aPtaTl

R6

PIPtPITl

PIPt þ PITl

� �
. ð1Þ

Table 4 lists the polarizability (a) and ionization
potentials (PI) used for [Pt(PH3)3] and Tl(I) obtained
at the MP2 level. It is evident from the greater slope
observed in the charged-induced dipole interaction
curve, that this term predominates over the dispersion
force. This may shed light on why Pt–Tl is bonding at
1e-05

0.0001

0.001

0.01

0.1

250 300 400 500 600 800 1000 1200

lo
g(

V
(R

))
 a

.u
.

log(R(Pt-Tl)) pm

E(MP2)
E(HF)

Ecid
Ecid + Edisp

Edisp

Fig. 3. The calculated interaction energies of the model at the HF and
MP2 levels.
the HF level. At the MP2 level, the Pt–Tl equilibrium
distance is 266.9 pm, the contribution of the charge-in-
duced dipole term is 68% and the dispersion term is
32%. In this case, the last term is smaller, but not
negligible.
4. Conclusions

The calculated binding energies for the [Pt(PH3)3–
Tl]+ complex may be explained by means of dispersion
interactions and long-range polarization effects. The
leading attractive term in the potential comes from the
polarization that [Pt(PH3)3] undergoes by Tl+. Thus,
the largest contribution to the total energy is due to
the charge-induced dipole interaction term of Eq. (1),
nevertheless the dispersion effects acquire significance
near the equilibrium bond lengths. The complex studied
here shows an R�4 behaviour at large distances. More-
over, the charge transfer extracted from the NBO anal-
ysis for the [Pt(PH3)3] fragment toward the thallium ion,
cannot be understood merely as a classic orbital interac-
tion. This is confirmed by frontier orbital analysis,
which shows that a formal bond through an orbital
interaction does not exist.
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