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The structures of [Pt2(pop)4]4-, [Pt2(pcp)4]4-, and related species [Pt2(pop)4X2]4- and [Pt2(pop)4]2- in the ground
states (pop ) P2O5H2

2-, pcp ) P2O4CH4
2-, and X ) I, Br, and Cl) were optimized using the second-order

Møller−Plesset perturbation (MP2) method. It is shown that the Pt−Pt distances decrease in going from [Pt2(pop)4]4-

to [Pt2(pop)4X2]4- to [Pt2(pop)4]2-. This is supported by the analyses of their electronic structures. The calculated
aqueous absorption spectra at the time-dependent density functional theory (TD-DFT) level agree with experimental
observations. The unrestricted MP2 method was employed to optimize the structures of [Pt2(pop)4]4- and [Pt2(pcp)4]4-

in the lowest-energy triplet excited states. The Pt−Pt contraction trend is well reproduced in these calculations. For
[Pt2(pop)4]4-, the Pt−Pt distance decreases from 2.905 Å in the ground state to 2.747 Å in the excited state, which
is comparable to experimental values of 2.91−2.92 Å and 2.64−2.71 Å, respectively. On the basis of the excited-
state structures of such complexes, TD-DFT predicts the solution emissions at 480 and 496 nm, which is closer
to the experimental values of 512 and 510 nm emissions, respectively.

Introduction

Since the discovery1,2 of the famous complex [Pt2(pop)4]4-

(pop ) P2O5H2
2-), great interest in its properties has

developed.3-10 It is now well established by spectroscopic
experiments that [Pt2(pop)4]4- exhibits an intense green
phosphorescence in solution at room temperature because

of a σ(p) f σ*(d) transition.3,4 Because of its long lifetime
(9.5 µs) and high quantum yield (>0.5), the triplet excited
state, [Pt2(pop)4]4-*, possesses unusual photochemical
properties.5-8 It reacts with added quenchers by mechanisms
that involve the platinum complex as an oxidant, reductant,
or atom-transfer reagent.5-7 For example, the highly reactive
[Pt2(pop)4]4-* can abstract hydrogen atoms from a wide
range of substrates including alcohols, hydrocarbons, silanes,
and stannanes, as well as halogen atoms from alkyl and aryl
halides.7

Furthermore, when [Pt2(pop)4]4- is treated with halogen,
binuclear dihaloplatinum(III) [Pt2(pop)4X2]4- complexes are
formed by oxidative addition.11-14 These complexes retain
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the basic skeleton of [Pt2(pop)4]4- but also contain axial
Pt-X bonds and a Pt-Pt single bond. The Pt-Pt distances
in K4[Pt2(pop)4X2] (X ) I, Br, and Cl)11-13 range from 2.75
to 2.69 Å, which is considerably shorter than a distance of
2.92 Å in K4[Pt2(pop)4]‚2H2O.2 In view of a simple molecular
orbital (MO) theory,15 the binuclear d8 complex [Pt2(pop)4]4-

with (dσ)2(dσ*) 2 configuration has a formal bond order of
zero, while a single bond is given to the binuclear d7

complexes [Pt2(pop)4X2]4- with a filled (dσ)2 orbital. The
lower energy bands in the absorption spectra of the
[Pt2(pop)4X2]4- complexes have been ascribed to excitations
to the empty dσ* orbital.11ac,14The oxidative reactions have
led to a loss of luminescence of the halide complexes.

A structurally analogous complex is [Pt2(pcp)4]4- (pcp)
P2O4CH4

2-), which differs from [Pt2(pop)4]4- by having a
methylenic group rather than an oxygen atom in the ligand
bridge.16 The electronic spectroscopy of the two complexes
(both absorption and emission) is very similar. The only
major difference is that the triplet lifetime of [Pt2(pcp)4]4-*
in aqueous solution at ambient temperature under anaerobic
conditions is 55 ns, whereas that of [Pt2(pop)4]4-* is 9.5 µs.
Transient difference spectroscopy experiments showed that
the former is more reactive than the latter in the reactions
with alkyl and aryl halide, hydrogen atom donors, etc.16b

As suggested in the literature,3-7 the metal-localizedσ*-
(d) f σ(p) transition of [Pt2(pop)4]4- leads to a contracted
Pt-Pt distance in the excited state relative to one in the
ground state. Recently, Coppens17a and Rillema17b used
density functional theory (DFT) methods to study the
electronic properties of [Pt2(pop)4]4-. The calculated Pt-Pt
distances are 3.04 and 2.82 Å in the ground state and triplet
excited state, respectively, compared with 2.92 and 2.64-
2.71 Å distances determined by experiments.2,3,4b,18-21 Al-
though there have been some studies on the electronic struc-
tures of [Pt2(pop)4]4-,17 few theoretical investigations on the
spectroscopic properties of [Pt2(pcp)4]4- and [Pt2(pop)4X2]4-

(X ) I, Br and Cl) have been done.
To provide a clear picture of binuclear d8 complexes in

the electronic structures and to gain an insight into their

spectroscopic properties, we employed theoretical methods
to explore the ground- and excited-state properties of
[Pt2(pop)4]4-, [Pt2(pcp)4]4-, [Pt2(pop)4X2]4- (X ) I, Br, and
Cl), and [Pt2(pop)4]2-. The six complexes in sequence are
labeled aspop, pcp, popI, popBr, popCl, andpop2+. The
second-order Møller-Plesset perturbation (MP2)22 and un-
restricted MP2 (UMP2) calculations onpop andpcp show
that upon excitation the Pt-Pt distances shorten 0.158 and
0.174 Å with respect to the 2.905 and 2.987 Å distances in
the ground states, respectively. Theσ*(dz2) f σ(pz) transition
makes the Pt-Pt interaction in the excited state close to aσ
single bond. On the basis of the time-dependent density
functional theory (TD-DFT)23 calculations, we simulated the
absorption spectrum in water. This is well correlated with
the experimental absorption spectrum.

Computational Details

We used the MP2 method to optimize the structures ofpop,
pcp, popI, popBr, popCl, and pop2+ in the ground states. The
optimizations on the first two complexes in the lowest-energy triplet
excited states were performed at UMP2 levels. It has been well
established that the transition energies calculated by the TD-DFT
method are comparable in accuracy to those by the higher-level
configuration interaction methods.24 On the basis of the ground-
and excited-state structures of complexes, we employed the TD-
DFT (Becke’s 3 parameter hybrid functional using the Lee-Yang-
Parr correlation functional, B3LYP)25 method to predict the
absorption and emission spectra. We performed calculations using
Hay and Wadt26 effective core potentials (ECPs) for Pt, I, Br, Cl,
and P. The LanL2DZ basis sets associated with the ECPs were
employed. To describe the Pt-Pt interaction and the molecular
properties precisely, one additional function was implemented for
Pt (Rf ) 0.18), I (Rd ) 0.266), Br (Rd ) 0.389), Cl (Rd ) 0.514),
and P (Rd ) 0.34).27

The calculation on the single molecule model corresponds to
the behaviors of the complex in the gas phase. We considered the
influence of solvent molecules on spectroscopic properties of
complexes that was indicated in the previous work,17b,28 and then
we employed the polarized continuum model (PCM) in the self-
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consistent reaction field (SCRF)29 method to account for the solvent
effect of water. Combined with the PCM solvent-effect model, the
absorption and emission of such complexes in the aqueous solution
were obtained under the TD-DFT calculations. Here, theC2h

symmetry was adopted to settle the ground- and excited-state
conformations ofpop, pcp, andpop’s derivatives. All the calcula-
tions were accomplished by using theGaussian03program pack-
age.29

Results and Discussion

In the past two decades, extensive studies were carried
out on the photophysical and photochemical properties of
the binuclear platinum(II) complexes, Yn[Pt2(pop)4] (Y )
K+, (n-Bu4N)+, Ba2+, and (Et4N)3H4+).2-10 Their intense
phosphorescent emission at ca. 512 nm in water was assigned
as a metal-centered (MC) transition by theoretical17 and
experimental3,4 studies. At room temperature, the triplet
excited state, [Pt2(pop)4]4-*, can perform a variety of energy-,
electron-, and atom-transfer reactions.5-7 The single-crystal
X-ray structure of K4[Pt2(pop)4]‚2H2O showed the anion with
an eclipsed “lantern” type structure, which has planar
platinum(II) centers linked by anµ-pop group. The anion
has a Pt-Pt separation of 2.925 Å with no ligands bonded
to the axial sites.2

Many investigations on [Pt2(pop)4]4- have greatly pro-
moted interest in its related species, such as [Pt2(pcp)4]4-and
[Pt2(pop)4X2]4- (X ) I, Br and Cl). The isoelectronic pcp
complex also possesses similar structure and spectroscopic
properties.16 However, the halide derivatives display shorter
Pt-Pt distances and different featured spectra compared with
their parent complex.11-14 Therefore, an insight into the
nature of these complexes in the ground and excited states
contributes to specifying their similarities and differences
in spectroscopic properties and chemical reactions and
extending their existing and potential applications.

Ground-State Geometries.In this work, the geometries
of pop, pcp, popI, popBr, popCl, andpop2+ in the ground
states were optimized using the MP2 method. Their structures
are presented in Figure 1 with the depicted coordinate
orientation (thez axis goes through the two Pt atoms).
Selected results from the geometry optimizations on the
complexes are listed in Tables 1 and 2 for comparison with
the data from the X-ray crystallographic determination of
K4[Pt2(pop)4]‚2H2O2, K4[Pt2(pcp)4]‚6H2O,16a and K4[Pt2-
(pop)4X2]‚nH2O (X ) I, Br, and Cl).11ab,12,13

It is shown in Tables 1 and 2 that similarities and
differences are found between the calculated and the
experimental parameters. Forpop, the calculated Pt(II)-
Pt(II) distance is 2.905 Å, much closer to the distance of
2.925 Å for K4[Pt2(pop)4]‚2H2O2. The two Pt(II) atoms tend
to approach each other, which is indicated by the 3.063 Å
P‚‚‚P bite distance being more than the Pt-Pt distance, and
the 91.9° P-Pt-Pt angle being greater than a right angle.
Recently, Coppens17aand Rillema17b have used DFT methods
to optimize the structure of such a complex. Because the
DFT method does not precisely describe the metal-metal
interaction, the Pt-Pt distance was overestimated by ca. 0.12
Å in their studies. As shown in Table 1, the other geometry
parameters slightly deviate from the corresponding experi-
mental values. The largest difference is ca. 0.09 Å for Pt-
Ob in distances and ca. 6° for P-Ob-P in angles. Each
divalent platinum atom exhibits square-planar coordination
with four phosphorus atoms from the pyrophosphate ligands,
which is reflected in the 176.2° P3-Pt1-P4 and 89.9° P3-
Pt1-P7 angles. It is shown in Table 1 that the optimized
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Figure 1. Structures ofpop (right side is a lateral view from the Pt-Pt
orientation),pcp, andpopX (X ) I, Br, and Cl).

Table 1. Optimized Geometry Parameters of [Pt2(pop)4]4- (pop) and
[Pt2(pcp)4]4- (pcp) Using the MP2 Method for the1Ag Ground State
and the UMP2 Method for the3Au Excited State

pop pcp

parameters 1Ag expa 3Au
1Ag expa 3Au

bond length
(Å)

Pt-Pt 2.905 2.925 2.747 2.987 2.980 2.813
Pt-P 2.373 2.320 2.389 2.368 2.328 2.384
P-OH 1.662 1.579 1.661 1.696 1.608 1.697
PdO 1.576 1.519 1.577 1.594 1.530 1.592
P-Ob/C 1.712 1.623 1.711 1.869 1.864
P‚‚‚P 3.063 2.980 3.008 3.189 3.132
bond angle

(deg)
P3-Pt1-P4 176.2 173.7 175.1 172.3
P3-Pt1-P7 89.9 89.8 89.9 89.9 89.7
P3-Pt1-Pt2 91.9 90.7 93.1 92.5 91.8 93.8
P-Ob/C-P 127.0 133.3 123.0 117.2 117.1 114.3

a The X-ray crystal diffraction data of K4[Pt2(pop)4]‚2H2O and
K4[Pt2(pcp)4]‚6H2O from refs 2 and 16a, respectively.
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geometry parameters ofpcp agree well with those of
K4[Pt2(pcp)4]‚6H2O.16a The largest difference in these dis-
tances is no more than 0.09 Å. The calculated 2.987 Å
Pt-Pt separation is comparable to the experimental distance
of 2.980 Å.

With respect topopX (X ) I, Br, and Cl), the optimized
Pt-Pt distances are 2.802, 2.775, and 2.758 Å, respectively
(Table 2). The Pt-X bond lengths of 2.797, 2.619, and 2.473
Å correspond to experimental distances of 2.746, 2.555, and
2.407 Å, respectively.11ab,12,13Aside from the variations in
the Pt-Pt distances, the [Pt2(pop)4] skeleton units (Figure
1) are remarkably similar in thepop andpopX complexes.
As the Pt-Pt distance shrinks by ca. 0.15 Å in going from
pop to popCl, the P‚‚‚P distance decreases by only 0.06 Å,

the P-Ob-P angle decreases by ca. 4°, and the Pt-P bonds
lengthen only slightly (Tables 1 and 2). Other variables
remain nearly constant.

In the theoretical view, we also optimized the structure of
pop2+. By comparison with those ofpop, the Pt-Pt separ-
ation decreases by ca. 0.24 Å, the P‚‚‚P distance decreases
by ca. 0.12 Å, and the Pt-P bonds lengthen by 0.07 Å
(Tables 1 and 2). When compared with other Pt(III)-Pt(III)
complexes such aspopX (X ) I, Br, and Cl),pop2+ has no
axial ligands to perturb on the Pt-Pt σ bond. So, the Pt-Pt
distance ofpop2+ should be the shortest in all the binuclear
Pt(III)-Pt(III) complexes as indicated in Table 2.

Formation of a Pt-Pt single bond apparently drives the
binuclear oxidative addition reactions frompop to popX.11a

Simple MO theory predicted that two Pt-Pt dσ* electrons
are transferred to X2 in each product complex [(PtII)2 is (dσ)2-
(dσ*) 2; (PtIII )2 is (dσ)2].3 The Pt-Pt bonding is weak in the
former but much stronger in the latter. In the present studies,
we calculated the Pt-Pt distances at 2.905, 2.802, 2.775,
2.758, and 2.666 Å forpop, popX (X ) I, Br, and Cl), and
pop2+, respectively. (Tables 1 and 2) This reproduces well
the trend in the Pt-Pt distances determined by experi-
ments.11,12

To provide a deep insight into the Pt-Pt bonding, the
orbital energy levels of such complexes in the MP2 calcula-
tions are presented in Figure 2. We list detailed information
of electronic structures in Supporting Information, Tables
1-3. As seen from Figure 2,pop has the orbital distribution
similar topop2+ except that the latter has the emptyσ*(dz2)
(28au) orbital and relatively lower-energy orbitals. We
roughly calculated that the Pt-Pt bond orders inpop and
pop2+ are 0.037 and 0.714, respectively. This can elucidate

Table 2. Optimized Geometry Parameters of [Pt2(pop)4X2]4- (X ) I
(popI), Br (popBr), and Cl (popCl)) and [Pt2(pop)4]2- (pop2+) in the
1Ag Ground States Using the MP2 Method

popI popBr popCl pop2+

parameters 1Ag expa 1Ag expa 1Ag expa 1Ag

bond length
(Å)

Pt-Pt 2.802 2.754 2.775 2.723 2.758 2.695 2.666
Pt-P 2.416 2.348 2.415 2.342 2.414 2.350 2.439
P-OH 1.652 1.565 1.652 1.529 1.651 1.557 1.640
PdO 1.570 1.504 1.571 1.529 1.571 1.512 1.557
P-Ob 1.702 1.621 1.703 1.635 1.704 1.616 1.698
P-X 2.797 2.746 2.619 2.555 2.473 2.407
P‚‚‚P 3.008 3.003 2.999 2.941
bond angle

(deg)
P3-Pt1-P4 175.1 174.6 176.0 174.3 173.5
P3-Pt1-P7 89.8 89.9 89.9 89.8 89.8
P3-Pt1-Pt2 92.5 91.8 92.7 92.0 92.9 92.2 93.2
P-Ob-P 124.2 126.9 123.7 128.8 123.3 125.5 120.0

a The X-ray crystal diffraction data of K4[Pt2(pop)4X2]‚nH2O (X ) I,
Br, and Cl) from refs 11ab, 12, and 13.

Figure 2. Orbital energy levels ofpop, popX (X ) I, Br, and Cl), andpop2+ in the MP2 calculations.
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that the Pt-Pt distance is longer in the former than in the
latter. With respect topopX, the bonding interactions
between the dz2(Pt) and pz(X) orbitals remove a majority of
electrons from the filledσ*(dz2) orbitals ofpop. So, the Pt-
Pt bond orders ofpopX should be located between those of
pop andpop2+. Accordingly, the Pt-Pt distances decrease
from pop to popX to pop2+.

As shown in Figure 2 and Supporting Information, Table
2, popX (X ) I, Br, and Cl) possess very similiar molecular
orbital properties [e.g., highest occupied molecular orbital
(HOMOs) of σ(dz2) + σ(Pt-X) and lowest unoccupied
molecular orbitals (LUMOs) ofσ*(dz2) + σ*(Pt-X)].
However, the differentσ-donating strengths of I, Br, and Cl
result in the different Pt-Pt distances inpopX. The
calculated results show that the trend in the Pt-Pt distances
follows the sequence I> Br > Cl, which can be explained
from the detailed analyses on their electronic structures
(Supporting Information, Table 2). On one hand, the HOMOs
of popX (X ) I, Br, and Cl) areσ bonding characters, which
are mainly contributed by 10.8, 14.8, and 19.4% dz2,
respectively. More dz2 contribution of Pt atoms favors a
stronger Pt-Pt interaction and a shorter Pt-Pt distance. On
the other hand, less pz(X) participation in the antibonding
LUMOs tends to strengthen the Pt-Pt interaction and shorten
the Pt-Pt distance (28.8% pz(I), 21.6% pz(Br), and 16.2%
pz(Cl)). Indeed, our calculated bond orders of 0.439, 0.490,
and 0.537 forpopX (X ) I, Br, and Cl), respectively, support
such a trend in the Pt-Pt distances. In brief, the electronic
structures indicate that the Pt-Pt distances vary in the
order: pop > popI > popBr > popCl > pop2+.

Absorption Spectra. TD-DFT based on linear-response
theory has recently become a reliable method for prediction
of excited-state energies.24 Here the electronic transition
energies ofpop, pcp, andpopX (X ) I, Br, and Cl) were
calculated using the TD-DFT (B3LYP) method at their
optimized ground-state structures. Combined with the PCM
solvent-effect model, we obtained the absorption spectra of
such complexes in the aqueous solution. In Tables 3 and 4
and Supporting Information, Tables 4-6, the transition
energies (nm/eV) and oscillator strengths of absorptions are
listed, which are associated with experimental absorption
spectra.3,4a,11ac,13,16aWe provide detailed information of the

MOs involved in absorption transitions in Supporting
Information, Tables 7-11.

In Figure 3a, we have simulated the absorption spectra of
pop in water on the basis of the TD-DFT/PCM calculations.
The theoretical spectrum ofpop contains an absorption
maximum at 351 nm (3.53 eV) and a shoulder at 301 nm
(4.12 eV). This is reasonably similar to the experimental
spectrum (Figure 3b)4a that exhibits absorption maximum at
wavelengths of 368 nm with molar absorption coefficient
of 34 500 M-1 cm-1. Our studies reveal the lowest-energy
absorption to be dominated by the MC transition (Table 3
and Supporting Information, Table 7). The absorption at 351
nm, which is mainly contributed by the 28au f 35ag (HOMO
f LUMO) configuration, has the largest calculated oscillator
strength of 0.276 in the visible region. As shown in

Table 3. Calculated Absorptions ofpop in the Aqueous Solution at the
TD-DFT (B3LYP) Level, Associated with the Absorptions Observed in
the Experiment

states conf
|CI coef|

> 0.2 λ (nm)a
E
(eV)a fb expc

3Au 28au f 35ag 0.738 431 2.88 0.000 452 (110)
A 1Au 28au f 35ag 0.665 351 3.53 0.276 367 (34500)
B 1Bu 34bu f 35ag 0.696 301 4.12 0.008
C 1Bu 33bu f 35ag 0.696 301 4.13 0.008
D 1Bu 32bu f 35ag 0.685 253 4.89 0.001
E 1Bu 31bu f 35ag 0.685 253 4.89 0.001
F 1Bu 34bu f 36ag 0.591 243 5.10 0.024 266 (1550)

28bg f 29au -0.363
G 1Bu 33bu f 36ag 0.592 243 5.10 0.024

27bg f 29au -0.362

a Calculated absorption spectra in nm and eV.b Oscillator strength.
c Experimental absorptions from refs 3, 4a, 14, and 30, and molar absorption
coefficient (M-1cm-1) listed in parentheses.

Table 4. Calculated Absorptions ofpcp in the Aqueous Solution at the
TD-DFT (B3LYP) Level, Associated with the Absorptions Observed in
the Experiment

states conf
|CI coef|

> 0.2 λ (nm)a
E
(eV)a fb expc

3Au 28au f 35ag 0.734 452 2.74 0.000 470 (142)
A 1Au 28au f 35ag 0.666 369 3.36 0.214 382 (29000)
B 1Bu 34bu f 35ag 0.696 338 3.67 0.006
C 1Bu 33bu f 35ag 0.696 338 3.67 0.006
D 1Au 27au f 35ag 0.701 273 4.54 0.021
E 1Bu 28bg f 29au 0.690 263 4.71 0.002
F 1Bu 27bg f 29au 0.690 263 4.71 0.002
G 1Bu 28bg f 30au 0.658 257 4.83 0.107
H 1Bu 27bg f 30au 0.658 257 4.83 0.107

a Calculated absorption spectra in nm and eV.b Oscillator strength.
c Experimental absorptions from ref 16a, and molar absorption coefficient
(M-1cm-1) listed in parentheses.

Figure 3. Simulated absorption spectra (a) in water forpop from the TD-
DFT/PCM calculations, together with experimental spectra (b).

Theoretical Insight into Binuclear Pt(II) Complexes

Inorganic Chemistry, Vol. 45, No. 21, 2006 8733



Supporting Information, Table 7, the absorption is attributed
to a σ*(dz2) f σ(pz) transition. It is worth noting that the
other absorptions occur in pairs for thepop anion should
have had the largest point group ofC4h. The 301 and 253
nm transitions are assigned as [O+ σ(Pt-P)] f σ(pz) and
O f σ(pz) charge transfers, respectively. The F1Bu excited
state gives rise to absorption at 243 nm, which corresponds
to the promotion of an electron into [σ*(Pt - P) + δ(dx2-y2,
dxy)] and [σ*(Pt-P) + δ*(dx2-y2, dxy)] from [Oxz + σ(Pt-
P)x]. The other three absorptions also have similar transition
properties.

Additionally, the triplet excited states related to the dipole-
forbidden absorptions also were considered in the TD-DFT
calculations onpop. As a heavy metal element, the spin-
orbit coupling of the Pt atom should be large; thus, the
singlet-to-triplet transition may appear as weak tails in the
experimental absorption spectra. As shown in Table 3, the
lowest-energy absorption from the X1Au f 3Au transition
was calculated at 431 nm (2.88 eV), which belongs to the
σ*(dz2) f σ(pz) MC transition. We relate the absorption to
the experimental value of 452 nm.3,4a,14,30

With respect topcp, the stimulated absorption spectrum
(Figure 4) is dominated by two absorption maxima at 369
nm (3.36 eV) and at 257 nm (4.83 eV). The 28au f 35ag

(HOMO f LUMO) transition contributes to the lowest-
energy absorption at 369 nm (3.36 eV) with the oscillator
strength of 0.214. The dominating absorption corresponds
to aσ*(dz2) f σ(pz) MC transition (Supporting Information,
Table 8). Similarly, the lowest-energy singlet-to-triplet
absorption occurs at 452 nm in the TD-DFT calculations.
Experimental studies indicated that the K4[Pt2(pcp)4]‚6H2O
complex exhibits absorption bands at 382 nm (ε ) 29 000
M-1 cm-1) and 470 nm (ε ) 142 M-1 cm-1) in the aqueous
solution at room temperature.16a It is evident that better
agreement is found between experimental and calculated
absorptions.

Here, according to the calculated absorptions at the TD-
DFT/PCM level, we simulated the spectra ofpopX (X ) I,
Br, and Cl) in Supporting Information, Figures 1-3. For the
two featured absorptions observed in experiments,11ac,13the

intense peak is well reproduced by the theoretical spectra,
but the weak peak only corresponds to a shoulder band in
the theoretical spectra. For example, the calculated transitions
at 317 nm (f ) 0.508) and 409 nm (0.003) forpopCl are
comparable to the experimental values of 282 nm (ε )
48 840 M-1 cm-1) and 345 nm (8 190 M-1 cm-1). The
former is assigned as the admixture ofσ(dz2) f σ*(dz2) and
σ(Pt-Cl) f σ*(Pt-Cl) transitions (Supporting Information,
Tables 4 and 9).

Note from Supporting Information, Figures 1-3 and
Supporting Information, Tables 4-6 that there are some
differences between the calculated and the experimental
absorptions. To explore the reason, we usedpopCl as an
example to perform the following calculations: (i) B3LYP/
PCM at the optimized geometry; (ii) B3LYP/PCM at the
experimental geometry; (iii) B3LYP/C-PCM at the optimized
geometry; (iv) PBEPBE/PCM (the 1996 functional of Per-
dew, Burke, and Ernzerhof) at the optimized geometry; and
(v) PBEPBE/C-PCM at the optimized geometry. The
calculated results are listed in Supporting Information, Table
12. Compared with method (i) used in the present calcula-
tions, the results from method (ii) are much closer to the
experimental observations and are further supported by the
comparison between simulated (the red line in Supporting
Information, Figure 1a) and experimental spectra (Supporting
Information, Figure 1b).11c Therefore, we conclude that the
different geometry structures are one of the most important
reasons that leads to a large difference between calculated
and experimental absorptions.

Excited-State Properties of pop and pcp.The studies
on the electronic excited state of molecules continue to
receive intense attention.31 So far, the theoretical calculation
is one of the most effective means to investigate such
problems.23,24 In this work, the UMP2 methods were used
to optimize structures ofpop andpcp in the lowest-energy
triple excited states. The geometry parameters are listed in
Table 1.

The UMP2 calculations onpop predict that the Pt-Pt
distance shrinks by ca. 0.16 Å in going from the ground state
to the lowest-energy triple excited state, the P‚‚‚P distance
decreases by ca. 0.06 Å, and the Pt-P bonds lengthen ca.
0.02 Å (Table 1). Because the shrinkage of Pt-Pt is much
more than that of P‚‚‚P, the bonding interaction between the
two Pt atoms drives the Pt-Pt shrinkage. Over the last two
decades, the Pt-Pt distance in the triplet excited state has
been studied in many experiments of Yn[Pt2(pop)4] (Y )
K+, (n-Bu4N)+, Ba2+, and (Et4N)3H4+). Through Frank-
Cotton analysis,3,4b,18resonance Raman spectra,19,20and time-
resolved X-ray diffraction,21 the authors summarized that the
Pt-Pt distances in the triplet excited-state range were from
ca. 2.64 to 2.71 Å with ca. 0.29-0.21 Å contraction relative

(30) Stiegman, A. E.; Rice, S. F.; Gray, H. B.; Miskowski, V. M.Inorg.
Chem.1987, 26, 1112.

(31) (a) Nordwig, B. L.; Ohlsen, D. J.; Beyer, K. D.; Wruck, A. S.;
Brummer, J. G.Inorg. Chem. 2006, 45, 858. (b) Dreuw, A.; Head-
Gordon, M.Chem. ReV. 2005, 105, 4009. (c) Bojan, V. R.; Fernandez,
E. J.; Laguna, A.; Lopez-de-Luzuriaga, J. M.; Monge, M.; Olmos, M.
E.; Silvestru, C.J. Am. Chem. Soc.2005, 127, 11564. (d) Sotoyama,
W.; Satoh, T.; Sato, H.; Matsuura, A.; Sawatari, N.J. Phys. Chem. A.
2005, 109, 9760. (e) Kobayashi, A.; Kojima, T.; Ikeda, R.; Kitagawa,
H. Inorg. Chem.2006, 45, 322.

Figure 4. Simulated absorption spectra in water forpcp from the TD-
DFT/PCM calculations.
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to 2.91-2.92 Å in the ground state. Results of recent
theoretical studies using the DFT method have found excited-
and ground-state distances of 2.82 and 3.04 Å, respectively.17

In the present studies, our MP2 calculations predict the
distances at 2.747 and 2.905 Å, respectively (Table 1).
Apparently, our calculations agree with such experimental
results.

Just like the case inpop, optimizations onpcp at the
UMP2 level show that the Pt-Pt distance decreases by ca.
0.17 Å upon excitation, the P‚‚‚P distance decreases by ca.
0.06 Å, and the Pt-P bonds lengthen ca. 0.02 Å (Table 1).
The bonding interactions between the two Pt atoms in the
excited states weaken the Pf Pt dative bonds, which leads
to the elongation of the Pt-P bond length. Althoughpop
andpcp have the structural difference in the ligand bridge,
their similar changes between the ground and the excited
states in the structures imply that the excited electronic
transitions mainly occur within the metal centers.

On the basis of such optimized structures, we used the
TD-DFT method to calculate the emission energies ofpop
and pcp. By including the PCM model in the TD-DFT
calculations, we obtained the emissions in the aqueous
solution. The calculated emissions in the gas phase and
solution are listed in Supporting Information, Table 13 along
with the experimental values.4,16

In the calculations, TD-DFT predicts the phosphorescent
emission energies ofpop at 2.60 eV (478 nm) in the gas
phase and 2.58 eV (480 nm) in water. The solution emission
is closer to the experimental value of 2.40 eV (512 nm).4

According to the analyses on the wave functions of these
excited states, we attribute the emissions to the MCσ(pz) f
σ*(dz2) transitions, which agree with experimental studies.4

As shown in Supporting Information, Table 13, note that
there is a slight difference of emission energies between in
the gas phase and in solution. This suggests that interactions
between anion and solvent molecules slightly affect the
emission spectra. A similar case is found in the calculations
on pcp (Supporting Information, Table 13). On the basis of
the optimized excited-state structure, TD-DFT calculates
emission energy at 2.50 eV (496 nm) in the aqueous solution,
comparable to 2.43 eV (510 nm) phosphorescence of K4-
[Pt2(pcp)4]‚6H2O.16

Conclusions

Optimizations onpop, pcp, popX (X ) I, Br, and Cl),
and pop2+ in the ground states were performed using the
MP2 method. Their Pt-Pt distances decrease in going from
pop to popX (X ) I, Br, and Cl) topop2+. This is evidenced
by the analyses of their electronic structures.

On the basis of such ground-state structures, TD-DFT with
the PCM solvent-effect model was employed to predict the
aqueous absorption spectra ofpop, pcp, andpopX (X ) I,
Br, and Cl). The calculated results agree with experimental
observations. It is found that the1,3[σ*(dz2) f σ(pz)]
absorptions inpop and pcp have the lowest transition
energies, and1[σ*(dz2) f σ(pz)] absorptions possess the
largest oscillator strength in the low-lying dipole-allowed
transitions (Tables 3 and 4). The dominated absorption bands
of such complexes observed by experiments are well
reproduced by the simulated theoretical spectra.

The structures ofpop andpcp in the lowest-energy triplet
excited states were optimized at the UMP2 level. The Pt-
Pt contraction trend is well reproduced in these calculations.
UMP2 calculations onpop predict the Pt-Pt distance in the
excited state at 2.747 Å, which is comparable to experimental
values of 2.64-2.71 Å.3,4b,18-21 Additionally, TD-DFT
estimates the solution phosphorescent emissions ofpop and
pcp at 480 and 496 nm, respectively, both attributable to
the metal-centeredσ(pz) f σ*(dz2) transitions. The calculated
emissions are in accordance with the 512 and 510 nm
emissions in experiment, respectively.4,16
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