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Density functional calculations at the B3LYP/LanL2DZ+(f,d,p) level have identified two hydrogen bonding
motifs for the title molecule, aC4h eclipsed and aD4 staggered structure. The eclipsed structure is calculated
to be only about 0.8 kcal/mol more stable than the staggered structure when unscaled zero point energies are
considered. The two structures can be distinguished in an X-ray crystallographic analysis on the basis of the
Pt-P-O-P dihedral angle without the need to explicitly locate hydrogen atoms in the structure. Calculated
vibrational frequencies and assignments are generally in very good agreement with the available experimental
information. One notable exception to this agreement is the experimentally observed 232 cm-1 Raman transition
that was previously assigned to a nonspecific ring bending mode and is currently reassigned to the symmetric
Pt2P8 stretching mode.

Introduction

Square-planar platinum complexes have long been known to
exhibit metal-metal interactions in the solid state.1 These
intermetallic interactions can be sufficiently strong that even
ions of the same charge can associate in solution media of high
dielectric constant. Although unbridged oligomeric metal com-
plexes are not found exclusively in platinum chemistry, they
do occur mainly for square-planar metal ions because the vacant
axial coordination sites allow the metal centers to approach each
other closely. Assuming that the ligands lie in thexy plane, the
relatived-orbital energies are dxy, (dxz, dyz) < dz

2 , dx2-y2 in d8

monomer containingπ acceptor ligands.2 This approach along
the axial direction causes the valence dz

2 atomic orbitals to
overlap to give bonding (dσ) and antibonding (dσ* ) molecular
orbitals. Such an orbital energy level diagram has been used to
explain the excited-state properties of d8-d8 metal-metal
dimers.3,4

One of the most widely studied d8-d8 dimers is the
diplatinium(II) complex Pt2(µ-P2O5H2)4

4- (abbreviated Pt2). This
complex contains four bridging (P, P-bonded) pyrophosphito
ligands arranged in a face-to-face eclipsed planar structure
(Figure 1).5,6 The excited-state chemistry exhibited by Pt2 is
probably the richest of all d8-d8 complexes. Photophysical
studies confirm that the properties of the photoactive excited
state are a manifestation of d8-d8 metal-metal interactions.
Much attention has been devoted to the photochemistry of Pt2

because the observed reactions with substrates include rare
examples of atom abstractions, in addition to electron transfers
and other well-studied inorganic excited-state processes.7-9 In
addition to the structural and photophysical data on Pt2, a
vibrational analysis has been carried out.10 This study has
identified the Pt-Pt stretching at 116 cm-1, but did not assign
any symmetric Pt-P stretching modes in the Raman spectrum.

Although this Pt2 complex has attracted much attention from
photochemists and photophysicists, except for an early extended
Hückel calculation,11 no computational study has been carried

out for this complex. This lack of any high level computational
information has limited the understanding of the ground-state
properties of this complex anion. A consequence of the
intramolecular hydrogen bonding between the P-OH and Pd
O groups is that several isomeric hydrogen bonding motifs are
possible. In this study, computational results directed toward
obtaining a better understanding of both the structural and
vibrational properties of the Pt2 anion are reported. These results
provide insight into how the different hydrogen bonded struc-
tures influence the energetics of Pt2, and suggest an assignment
for the symmetric Pt-P stretching mode.

Methods

All calculations were performed using density functional
theory with the hybrid B3LYP method12 as implemented in the
Gaussian 98 (G98) suite of programs.13 Three basis sets were
employed. Preliminary geometry optimizations were performed
using the LanLDZ14,15 basis set which is a full double-ú (DZ)
set for hydrogen and oxygen and an effective core potential
(ECP) plus DZ for phosphorus and platinum. The valence
electrons are taken to be the 3s and 3p electrons for phosphorus
and the 5s, 5p, 5d, and 6s electrons for platinum. The second
basis set which was used for the final geometry optimization
and harmonic frequency calculations consisted of the LanLDZ
set augmented by p polarization functions on hydrogen (ú )
1.0), d polarization functions on oxygen (ú ) 0.85) and
phosphorus (ú ) 0.37), f polarization functions on platinum (ú
) 0.65779643), diffuse sp functions on oxygen (ú ) 0.0845)† Part of the special issue “G. Wilse Robinson Festschrift”.

Figure 1. Schematic representation of Pt2(µ-P2O5H2)4
4-. Only the

P-O-P bridges are shown for clarity.
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and phosphorus (ú ) 0.0348), and diffuse sp (ú ) 0.0147), and
d (ú ) 0.0359) functions on platinum. Theú (zeta) values for
the functions on hydrogen, oxygen, and phosphorus are those
recommended for use with the DZ basis set. For platinum, the
ú values for the diffuse functions were optimized following a
procedure used for other sixth row atoms16 and the polarization
function was taken from Ahlrichs Coulomb fitting basis set.17,18

This basis set will be denoted LanLDZ+(f,d,p). The final basis
set, which was used for model calculations on [Pt(POP)4]2-,
consisted of the LanLDZ basis set for Pt and the all electron,
aug-cc-pVDZ basis set19 for hydrogen, oxygen, and phosphorus.
Spherical harmonic angular functions were used throughout.
Analytical first derivatives were used to optimize geometries
to a residual rms gradient less than 10-5 hartree/bohr and
analytical second derivatives were used to characterize the
stationary points as a local minimum (all real frequencies) or a
(hyper)transition state (1 (or more) imaginary frequencies).

Results

Two local minimum energy geometries, which differed
principally in the relative orientation of the P-OH‚‚‚OdP
hydrogen bonds around each platinum, were found at the
B3LYP/LanLDZ level of calculation. These structures, an
eclipsedC4h and a staggeredD4, are shown schematically in
Figure 2. At the higher B3LYP/LanLDZ+(f,d,p) level of
calculation, theC4h structure remained a local energy minimum,
while theD4 structure was found to be a transition state between
equivalent D2 structures. In going from theD4 to the D2

structure, the principle geometric change occurred in the Pt-
P-O-P bridging dihedral angles that changed by about 20°
but in opposite directions for adjacent bridges. However, this
distortion was associated with only a 0.38 kcal/mol decrease in
energy. When harmonic zero point energy contributions are
considered, the relative stability of these two structures become
almost identical with theD4 structure being only about 0.02
kcal/mol higher in energy than theD2 structure. This result
suggests that theD2 structure would have a dynamically
averagedD4 structure and thus this geometry will be emphasized
in future considerations of the staggered hydrogen bonded motif.
TheC4h structure, however, was found to be the global minimum
energy structure lying about 1.37 kcal/mol below the energy of
the D4 structure at the B3LYP/LanLDZ+(f,d,p) level of
calculation. Inclusion of zero point energy places the adiabatic
energy of the staggeredD4 structure only 0.84 kcal/mol above
that of the eclipsedC4h structure.

A search for a transition state between the staggered and
eclipse hydrogen bonding motifs focused on the highly sym-
metric eclipsedD4h structure where each hydrogen is located

symmetrically in a PO‚‚‚H‚‚‚OP linkage. At the B3LYP/
LanLDZ+(f,d,p) level of calculation, the energy of theD4h

structure was found to be 11.50 kcal/mol above that of theC4h

structure. However, the harmonic frequency analysis of theD4h

structure revealed it to be a hyper-transition state with 10
imaginary frequencies of symmetry species a2g, a1u, eg, 2eu, b2u,
and b2g. The a2g and a1u motions are associated with the strongest
surface curvature (force constants are∼0.78 mdyn/Å) and lead
to theC4h andD4 structures, respectively. The eg, one of the eu,
and the b2u motions are associated with a medium surface
curvature (force constants are 0.45-0.24 mdyn/Å) and lead to
structures having HO-P-OH and OdPdO moieties in various
arrangements. The remaining motions (eu and b2g) are associated
with relatively small surface curvature (force constants are 0.025
and 0.001 mdyn/Å, respectively) and lead to structures with
nonplanar Pt-P-O-P-Pt rings. Interestingly, the large number
of imaginary frequencies for theD4h structure significantly
lowers its zero point energy so that the adiabatic energy of the
D4h structure is calculated to be 8.07 kcal/molbelow that of
C4h structure. Thus, although it is possible that theC4h andD4

structures are connected by a transition state having fewer
imaginary frequencies, little additional information about the
dynamic structure of Pt2 would be learned by searching for it.
This result also suggests that large amplitude distortions of the
hydrogen atoms and the associated torsions of the Pt-P-O-P
dihedral angles may be feasible motions in Pt2 even at low
temperature. Selected geometric parameters for theC4h, D4, and
D4h structures and the corresponding experimental values5 are
listed in Table 1.

In C4h symmetry, the 108 normal coordinates of Pt2 trans-
forms as

with the au and eu modes (27 modes) being IR active and the ag

and bg modes (28 modes) being Raman active. Conversely, in
D4 symmetry, the 108 normal coordinates transform as

with the a2 and e modes (40 modes) being IR active and the a1,
b1, b2, and e modes (95 modes) being Raman active. These
symmetry considerations significantly reduce the complexity of
the possible infrared vibrational spectra. A further reduction in

Figure 2. Schematic representations of theC4h eclipsed and theD4

staggered hydrogen bonding structures of Pt2(µ-P2O5H2)4
4-. The view

is down the Pt-Pt bond axis with the larger circle representing the
eclipsed Pt.

TABLE 1: Comparison of Experimenal5 and Calculated
Geometric Parameters for Pt2(µ-P2O5H2)4

4-

parameter exptl C4h structure D4 structure D4h structure

Bond Length/Å
Pt-Pt 2.925 3.0386 3.0456 2.9658
Pt-P 2.32 2.4035 2.4052 2.3824
PdO 1.52 1.5496 1.5503 1.5892
P-OH 1.68 1.6378 1.6368 1.5892
P-OP 1.62 1.6858 1.6821 1.6856
O-H 1.0223 1.0234 1.2148

Bond Angle/deg
P-Pt-P 90.0 90.0 90.0
Pt-PdO 118.1 117.8 113.9
Pt-P-OH 113.1 113.4 113.9
Pt-P-OP 110.0 110.6 111.7
P-O-H 108.9 109.2 109.3

Dihedral Angle/deg
Pt-Pt-PdO 113.1 114.6 117.2
Pt-Pt-P-OH -121.8 -120.4 -117.2
Pt-Pt-P-OP -11.3 -7.6 0.0
Pt-P-O-P 29.6 4.1 0.0
P-Pt-Pt-P 0.0 7.9 0.0

14ag x 14bg x 13eg x 13au x 13bu x 14eu (1)

14a1 x 13a2 x 13b1 x 14b2 x 27e (2)
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complexity is achieved by focusing on those modes of a
particular type of molecular motion (e.g., OH stretch) that are
predicted to have large absorption coefficients. The calculated
frequencies of such infrared active modes and their assignment
are listed in Table 2 for theC4h eclipsed and theD4 staggered
structures where they are compared with experimental values.10

Unfortunately, it is not possible to calculate analytical Raman
scattering intensities with DFT calculations using ECP basis
sets as implemented in G98, so intensity considerations cannot
be used to identify the important Raman transitions. However,
because only two Raman transitions have been observed for
Pt2, the considerations of Raman active modes in Table 2 is
limited to possible assignments for these two transitions.10

Discussion

The calculated bond lengths in either theC4h eclipsed,D4

staggered, orD4h transition state structure is in acceptable
agreement with the corresponding experimental5 bond lengths
determined from the X-ray crystallographic study of K4[Pt2(µ-
P2O5H2]‚2H2O. Unfortunately, because no additional molecular
structural parameters were reported, the available experimental
information is not sufficient to distinguish whether an eclipsed
or staggered or both or theD4h dynamically averaged hydrogen
bonding motifs were present. Indeed, the detailed nature of the
hydrogen bonding pattern was not considered in previous
experimental studies. It is worth emphasizing that the present
computations indicate that these two local minimum energy
structures can be easily distinguished by the Pt-P-O-P
dihedral angle allowing these hydrogen bonding motifs to be
identified without explicitly locating the hydrogen atoms in the
structure. As mentioned previously, this dihedral angle is also
a signature parameter for theD2 staggered structure. Interest-

ingly, the Pt-P bond length variations determined for the crystal
structure5 occur alternately as would be expected for theD2

staggered structure. However, the magnitude of the experimental
variation (0.027 Å) is about 7 times larger than the computa-
tional variation (0.004 Å) so that the original explanation5 of
distortions induced by the K+ ions cannot be discounted. In
this same spirit, it should be noted that neither the effects of
the counterions and the waters of crystallization in the solid
state nor the effects of hydrogen bonding interactions of water
in the aqueous state on the relative stability of theC4h, D4, and
D4h structures is known. Further, in aqueous solution, hydrogen
bonding interactions with the water solvent may play a role in
the conversion between eclipsed and staggered structures.
Finally, considering that some aspects of the original crystal-
lographic analysis have been questioned,6 the detailed nature
of the hydrogen bond structure under crystalline and solution
conditions must be considered an open question.

The vibrational frequencies for the strong infrared active
modes for theC4h eclipsed and theD4 staggered structures are
very similar and generally compare well to the reported
transition energies.10 One notable exception occurs in the region
830-880 cm-1 where several strong infrared transitions are
predicted for both structures although no transitions in this range
were reported. Generally, the computational results fully support
the experimental mode assignments with the computational
analysis allowing “ring bend” modes to be described in greater
detail. However, there are a few experimental assignments that
are called into question by the computational results. The band
at 910 cm-1 is assigned to OH wagging modes rather than
the original PdO stretching mode assignment because all
the PdO stretching modes are calculated to occur in the
range 1020-1055 cm-1. The band at 360 cm-1 is assigned to

TABLE 2: Comparison of Experimental10 and Calculated Transition Energy (cm-1) and Intensity (km/mol) for
Pt2(µ-P2O5H2)4

4-

C4h structure D4 structure

exptl energy energy intensity (sym) energy intensity (sym) extl assignment computational assignment

2800 2783 (eu) 2784 2855 (e) NR OH str
2739 8 (au) 2764 14 (e)

1329 (IR) 1415 445 (au) 1423 324 (a2) POH bend POH bend
1412 336 (eu) 1419 448 (e)

1085 (IR) 1053 1042 (eu) 1043 905 (e) PdO str PdO str
1021 447 (au) 1042 166 (e)

1021 462 (a2)
910 (IR) 945 123 (eu) 944 568 (a2) PdO str OH wag

943 421 (au) 941 79 (e)
931 22 (e)
884 488 (a2)

876 442 (au) 804 1 (e) NR POP astr
846 370 (eu) 839 962 (a2) NR P-OH str

846 326 (e)
848 60 (b1)

834 1080 (au) 843 28 (e) NR POPastr/P-OH str
695 (IR) 670 344 (eu) 665 359 (e) POP str POPsstr
520 (IR) 529 12 (au) 533 11 (a2) PO2 bend OdP-OH bend

491 93 (eu) 499 62 (e)
485 23 (e)

442 (IR) 419 201 (au) 419 225 (a2) PO2 bend OdP-OH wag
360 (IR) 412 12 (eu) 391 14 (e) ring bend PtP-O-PPt wag

378 5 (a2)
335 (IR) 328 13 (au) 345 6 (e) Pt-P str PtP4-PtP4 torsion
308 (IR) 304 39 (eu) 292 40 (e) ring bend OdP-OH rock
278 (IR) 273 6 (eu) 266 3 (e) ring bend P-O-P bend
241 (IR) 256 5 (a2) Pt-PdO bend

257 4 (au) 206 2 (e) P-Pt-P sstr
246 10 (eu) HO2P-O-PO2H bend

232 (Raman) 227 (ag) 239 (a1) ring bend Pt2P8 sstr
116 (Raman) 112 (ag) 107 (a1) Pt-Pt str Pt-Pt str
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a PtP4-PtP4 torsion mode rather than to a Pt-P stretch as was
done originally. A search for Pt-P stretching modes leads to a
re-assignment of 232 cm-1 transition observed in the Raman
specra10 to the Pt2P8 symmetric stretching mode calculated to
occur at 227 or 239 cm-1 for the C4h and D4 structures,
respectively. The original Pt-P stretching assignment was made
on the basis of Pt-P stretching modes20 occurring at 346 cm-1

(IR) and 371 cm-1 (Raman) fortrans-Pt(PMe3)2Cl2 and at 347
cm-1 (IR) and 370 cm-1 (Raman) fortrans-Pt(PMe3)2I2 which
were taken as good predictors of the Pt-P stretching modes in
Pt2. To test the present assignment further, B3LYP/aug-cc-pVDZ
calculations were performed on [Pt(PO3H2)4]2- (a molecule
approximating “half” of Pt2).21 Although this basis lacked diffuse
and polarization functions on Pt, the result can nevertheless be
instructive because the removal of these functions from the
LanLDZ+(f,d,p) basis had almost no effect of the relative
energy and optimized structures of Pt2. The Pt-P4 symmetric
stretching frequency for [Pt(PO3H2)4]2- was calculated to occur
at 258 cm-1, supporting the present reassignment.
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