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The study of closed-shell interactions in heavy-element
chemistry is only in its infancy, and therefore, every new
situation is of interest. For a review, see ref 1. The most
common examples are the interactions between the d10 species
Cu(I)2 Au(I)3,4 and the s2 species Tl(I)5 and between closed-
shell pnicogen and chalcogen molecules.6

Experimental structural data suggest that 5d8 Ir(I) or Pt(II)
ions also participate in interactions similar to those for Au(I).7

We consider here the d8-s2-bonded compound Tl2Pt(CN)4,
which appeared to form an unusual molecular crystal.8 Its Tl-
Pt bond was analyzed by density-functional (DFT) calculations,9

at the experimental crystal geometry, to be mainly an ionic one,
between the Tl+ (6s2) and [Pt(CN)4]2- closed-shell moieties,
with some covalent character. It should, however, be added
that DFT methods have difficulties in reproducing dispersion
interactions.10

We now report geometry-optimized scalar-relativistic GAUSS-
IAN 9211 calculations at the Hartree-Fock (HF) and second-
order Møller-Plesset (MP2) levels. We used either three-
valence-electron (3-VE) or 21-VE pseudopotentials on Tl and
18-VE ones on Pt.12 C and N were treated at the all-electron
level. Complete active space self-consistent field (CASSCF)
with subsequent multireference configuration interaction (MRCI)
and averaged coupled-pair functional (ACPF) calculations for
the ground state as well as the lowest singlet and triplet excited
states using basis sets of polarized valence triple-ú quality have
been performed with the MOLPRO program system.13,14 Spin-
orbit (SO) effects were estimated from singles and doubles
configuration interaction (CISD) calculations inD2h* double
group symmetry using the COLUMBUS program system.15 In
these calculations pseudopotentials (C, 4 VE; N, 5 VE; Pt, 18
VE; Tl, 3 VE) and corresponding spin-orbit operators for Pt
and Tl have been applied together with basis sets of valence

double-ú quality. The counterpoise correction was applied to
estimate the basis-set superposition error (BSSE).16

The results are given in Table 1. The Pt-C distances are
close to experimental values and are not much affected by the
approximation level. The calculated Tl-Pt distance is below
the experimental value even at the HF level, both for the Tl
3-VE and 21-VE pseudopotentials. Electron correlation effects
were then included at the MP2, MRCI, or ACPF level and found
to considerably shorten the Tl-Pt bond length and strengthen
the k(Tl-Pt) force constant, quite analogous with the earlier
studies for other heavy elements. The difference between the
MP2 3-VE and 21-VE results may mainly be attributed to core-
valence correlation effects on Tl, which account for 25% of
the bond length contraction from the HF values and were
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Table 1. Calculated Bond Lengths (pm) and Symmetric (a1g) Tl-Pt
Stretching Force Constants (au) for the Isolated Tl2Pt(CN)4
Molecule in Comparison to Experimental Data for the Solida

method Tl-Pt Pt-C k(Tl-Pt)

HF(3-VE) 303.5 203.9
HF(21-VE) 302.6 203.9b 0.0561
MP2(3-VE) 285.2 200.0
MP2(21-VE) 278.2 200.0b 0.1284
MP2(21-VE)+ CPc 287.0 200.0b 0.0979
MRCI(3-VE) 290.0 200.0b 0.0767
ACPF(3-VE) 288.8 200.0b 0.0792
MP2(3-VE,CPPd) 276.2 200.0b 0.0973
MRCI(3-VE,CPP) 277.6 200.0b 0.0915
ACPF(3-VE,CPP) 276.7 200.0b 0.0942
spin-orbit core +0.7
counterpoise corf +8.8 -0.0305
total theorg 287.7 200.0
exptl 314.0 200.5

a The optimizations were done inD4h symmetry with fixed C-N
distances (119.3 pm).b Kept fixed. c Full counterpoise correction (CP)
applied to [Pt(CN)4]2- and two isolated Tl+ ions. dCPP ) core-
polarization potential.eEstimated from CISD calculations with valence
double-ú basis sets.f Estimated from MP2(21-VE) calculations.gCom-
bining the MP2(21-VE)Re of 278.2 pm with SO and BSSE corrections.
Note that the three CPP values are very close.
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explicitly included in the latter calculations. The use of a Tl
core-polarization potential (CPP) together with the 3-VE
pseudopotential is found to reproduce this effect quite well. The
SO correction on the Tl-Pt distance is calculated to be small,
lengthening it by only 0.7 pm. The BSSE correction, estimated
by a full counterpoise correction at the MP2 level for the 21-
VE Tl, lengthens the Pt-Tl bond by 8.8 pm. The CP corrected
Pt-Tl value is 287.7 pm, which is still far from the experi-
mentally observed distance of 314.0 pm. Thus, neither SO nor
BSSE corrections are able to explain the difference.
We next carried out a sensitivity study for the possible effects

of the crystal field at the SCF and MRCI level, using 3-VE Tl.
The Supplementary Material for ref 8 was used to generate the
structure in Figure 1. As can be seen, the next-nearest neighbors
of each thallium atom are five cyanides, in approximatelyD4V
symmetry. Rather than trying to calculate a full Madelung sum,
we simulated it by five point charges,q, surrounding both Tl
centers. The four “equatorial” charges and the Tl form aD4h

pattern. The equatorial and axial Tl-q distances are made equal
to 300 pm. With increasing values of|q|, the experimental Tl-
Pt value of 314 pm is already reached atq ) -0.08 e (SCF)
and q ) -0.22 e (MRCI) at each site. This shows that the
crystal-field effects indeed can be sufficient to compensate for
the Tl-Pt bond length contraction by intramolecular correlation
effects and thus to explain the experimentally observed distance.
These results suggest a sizable electrostatic lengthening of the
Tl-Pt distance in the crystal, notwithstanding the conclusion
of Nagle et al.,8 based on the sum of atomic radii, that there
are no significant interactions between adjacent Tl2Pt(CN)4 units.
The present Tl-Pt distances can be compared with some other

experimental ones between Tl(I) and late-5d-metal atoms. In
certain macrocycles, the Ir(I)-Tl(I)-Ir(I) distances are 296-
298 pm.17 In solid TlAu(CN)2, the ‚‚‚Au(I)-Tl(I)-Au(I)‚‚‚
chains have distances of 347-349 pm, the Au-Au distance
being only 302 pm.18 If the thallium is oxidized to Tl(II), an
experimental Tl-Pt distance of 270.3 pm is obtained.19

Concerning atomic charges, the “natural population analysis”
(NPA) was more stable as a function of basis and approximation,
than the “Mulliken” (MPA) one. Both, however, gave Tl
charges close to+1: at the MP2(3-VE) level+0.92 and+0.86
for NPA and MPA, respectively. At the MP2(21-VE) level the
NPA charges are Pt0.06+, Tl0.92+, C0.08-, and N0.39-.

The crystals are colorless but show a strong near-UV
absorption at 27 000 cm-1 and an intense blue luminescence at
22 500 cm-1.8 The singlet-singlet ACPF excitation energies
calculated at the experimental crystal geometry, including the
point charges modeling the crystal field, for the (spin- and
symmetry-allowed) a1g f a2u HOMO-LUMO transition are
in the range of 27 900-28 600 cm-1, if spin-orbit effects are
included (see Table 2). The corresponding (spin-forbidden)
singlet-triplet ACPF transitions amount to 21 500-22 700
cm-1. All other excitations were calculated to lie at more than
38 000 cm-1 at the ACPF level.

We conclude that the correlation-induced,metallophilic4

attraction is very important in the present Pt(II)-Tl(I), d8-s2
case, as well. It is, however, overcompensated by crystal-field
effects. A gas-phase experiment should give a Pt-Tl bond
length close to the calculated free-molecule value of 287.7 pm,
instead of the solid-state value of 314.0 pm.
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Figure 1. Crystal structure generated from the supplementary material
of ref 8.

Table 2. Excitation Energies for thea1g f a2u Transitions (cm-1)
of the Embedded Tl2Pt(CN)4 Clustera

q) -0.08 q) -0.22

transitionb MRCI ACPF MRCI ACPF exptl
1A1g f 1A2u 31 555 30 449 32 422 31 210
1A1g f 3A2u 23 651 22 704 24 819 23 789
A1g f A2u 28 981 27 875 29 848 28 636 27 000
A1g f A1u 22 444 21 497 23 612 22 582 22 500
A1g f Eu 22 554 21 607 23 722 22 692 22 500

a All calculations were done for the experimental geometry. The
point chargesq ) -0.08 andq ) -0.22 were optimized at the SCF
and ACPF levels, respectively, to give the experimental Pt-Tl distance.
bWithout (rows 1 and 2) and with (rows 3-5) inclusion of spin-orbit
interaction. The state labels refer to theD4h group andD4h* double
group, respectively.
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