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The structures oftrans-[M2(CN)4(PH2CH2PH2)2] (M ) Pt (1), Pd (2), and Ni (3)), trans-[Pt2X4(PH2CH2-
PH2)2] (X ) Cl (4) and Br (5)), and trans-[M(CN)2(PH3)2] (M ) Pt (6), Pd (7), and Ni (8)) in the ground
state were optimized using the MP2 method. Frequency calculations reveal that the weak metal-metal
interaction is essentially attractive for1, 2, 4, and5 but not for3. The TD-DFT calculations associated with
the polarized continuum model (PCM) were performed to predict absorption spectra in CH2Cl2 solution.
Experimental spectra are well reproduced by our results. With respect to analogous mononuclear d8 complexes
(6-8), a large red shift of the absorption wavelength was calculated for the binuclear d8 complexes (1-3).
Relative to1 with unsaturated CN- donors, introduction of saturated halogen donors into4 and5 changes
their electronic structures, especially the HOMO and LUMO. The TD-DFT and subsequent unrestricted MP2
calculations predict that1 produces the lowest-energy df p emission while2-5 favor the df d emissions,
agreeing with experimental observations.

1. Introduction

Study on the luminescence of d8 complexes has attracted
growing attention in the last few decades, which is in part due
to the interesting observation of weak metal-metal interactions.1-3

A number of d8 complexes with well-defined metal-metal
distances have been reported.4 Special attention has been focused
on their unique absorption and emission spectra. For example,
Pt(II) R-diimine complexes often crystallize in linear-chain
structures in which Pt(II)-Pt(II) distances range from 3.0 to
3.5 Å, leading to stronger perturbation on the luminescence.5-9

One approach to probe the role of metal-metal interaction
in determining the spectroscopic properties of the d8 square-
planar complexes involves the design and synthesis of discrete
molecules with known metal-metal distances.10-15 Che and co-
workers12-15 synthesized a series of binuclear d8 complexes,
trans-[M2(CN)4(PR2CH2PR2)2] (M ) Pt, Pd, and Ni; R) Me
and Cy) andtrans-[M2(CN)4(PPh2CH2PPh2)2] (M ) Pt and Pd).
These discrete binuclear M(II) dimers possess intramolecular
M(II) -M(II) distances of 2.9-3.3 Å.12-15 Among these, the
platinum(II) complex exhibits intense emission in both the solid
state and solution at room temperature in the visible region,
which has been assigned as aσ(p) f σ*(d) (metal-centered,
MC) transition,12,13,16 while the palladium(II) and nickel(II)
analogues do not produce MC transition emissions under the
same conditions.12-16

In the early 1980s, the discovery of [Pt2(pop)4]4- (pop2- )
P2O5H2

2-)1,2 with rich photophysical and photochemical proper-
ties greatly motivated studies of binuclear d8 complexes. The
light-induced 3A2u excited state of [Pt2(pop)4]4- is highly
reactive. It reacts with a wide range of quenchers by mechanisms
that involve the platinum complex as an oxidant, reductant, or
atom-transfer reagent. Understanding the electronic structures

of binuclear d8 complexes originates from simple molecular
orbital theory.17 The featured absorption and emission were
attributed to the metal-localizedσ*(d) f σ(p) transition.
Recently, density functional theory (DFT) methods have been
used to explore such complexes.18 The Pt-Pt distances of
[Pt2(pop)4]4- calculated by Coppens18aand Rillema18b are 3.04
and 2.82 Å in the ground and triplet excited states, respectively,
compared with 2.92 and 2.64-2.71 Å determined by experi-
ments.1,2,19 Similarly, the authors related the lowest energy
emission to theσ(p) f σ*(d) transition.

Since the presence of a bridging ligand facilitates the
intramolecular interaction,20-22 trans-[M2(CN)4(PR2CH2PR2)2]
(M ) Pt, Pd, and Ni; R) Me, Ph, and Cy) with the eight-
membered ring conformation12-15 can serve as an ideal candidate
for investigations on the relationship between spectroscopic
properties and d8-d8 interaction. While there are some reports
about the electronic structures of d8 complexes in the ground
state,18,23-26 few attempts on the excited-state properties of a
series of Pt(II), Pd(II), and Ni(II) complexes have been made.

In this paper, the ground- and excited-state properties oftrans-
[M2(CN)4(PH2CH2PH2)2] (M ) Pt (1), Pd (2), and Ni (3)), trans-
[Pt2X4(PH2CH2PH2)2] (X ) Cl (4) and Br (5)), and trans-
[M(CN)2(PH3)2] (M ) Pt (6), Pd (7), and Ni (8)) were explored
theoretically (Figure 1). With variation of the metal atoms (1-3
and 6-8) and donating ligands (1, 4, and 5), the present
calculations provide insight into the electronic properties of the
d8 complexes.

2. Computational Details and Theory

We usedtrans-[M2(CN)4(PH2CH2PH2)2] as a computational
model to represent the real complexes,trans-[M2(CN)4(PR2-
CH2PR2)2] (R ) Me, Ph, and Cy).12-15 A similar model has
been applied in many works using hydrogen to replace methyl,
phenyl, cyclohexyl, etc., heavy substituents.12,14,21,22,27TheC2h
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symmetry was adopted to settle the conformations of the
binuclear d8 metal complexes (1-5). Structures in the ground
and lowest energy triplet excite states were optimized by second-
order Møller-Plesset perturbation (MP2)28 and unrestricted MP2
(UMP2) methods, respectively. Subsequent frequency calcula-
tions provide deep insight into the d8-d8 interactions.

It has been well established that the transition energies
calculated by the time-dependent density functional theory (TD-
DFT) method are comparable in accuracy to those by the higher
level configuration interaction methods.29-32 Therefore, we
estimated absorption spectra of1-5 at the TD-DFT level with
the B3LYP functional31-33 on the basis of the ground-state
structures. Because calculations on the single molecule only
correspond to the behavior in the gas phase, the polarized
continuum model (PCM)34 was employed to account for the
CH2Cl2 solvent effects. To explore the influence of M(II)-M(II)
interaction on electronic transitions, the reference molecules
(6-8) keeping theC2h symmetry in the gas phase and solution
were studied using the same methods as those of1-5.

In the calculations the effective core potentials (ECPs) of Hay
and Wadt35 were used for Pt, Pd, Ni, Cl, Br, and P atoms with
18, 18, 18, 7, 7, and 5 valence electrons, respectively. The
LANL2DZ basis sets associated with the ECPs were adopted
for all atoms. To describe the metal-metal interaction and the
molecular properties precisely22,36 one additional function was
implemented for Pt (Rf ) 0.18), Pd (Rf ) 0.2), Ni (Rf ) 0.22),
Cl (Rd ) 0.514), Br (Rd ) 0.389), and P (Rd ) 0.34).36a-c All
calculations were accomplished by using the Gaussian03
package37 on an Origin/3900 server.

3. Results and Discussion

3.1. Ground-State Structures.The MP2 optimizations were
performed for the ground-state structures of1-8 keeping the
C2h symmetry (Figure 1). These d8 complexes all have1Ag

ground electronic state. The optimized main geometry param-
eters are presented in Tables 1 and 2. For comparison, we also
list X-ray crystal diffraction data oftrans-[M2(CN)4(PCy2CH2-
PCy2)2] (M ) Pt, Pd, and Ni) andtrans-[M(CN)2(PCy3)2] (M
) Pt and Ni).12,13 The calculated results show that two M(II)
atoms and two bridging phosphine ligands of dimers (1-5) form
an eight-membered ring skeleton, and two cyanide/halide ions
bond to each M(II) atom. Each divalent metal atom exhibits
square-planar tetracoordination with twotrans-cyano groups and
two trans-phosphorus atoms from the phosphine ligands. The
calculated P-M-P angles of ca. 178° and Y-M-Y angles of

Figure 1. Geometry structures oftrans-[M2(CN)4(PH2CH2PH2)2] (M ) Pt (1), Pd (2), and Ni (3)), trans-[Pt2X4(PH2CH2PH2)2] (X ) Cl (4) and
Br (5)), andtrans-[M(CN)2(PH3)2] (M ) Pt (6), Pd (7), and Ni (8)).

TABLE 1: Optimized Geometry Parameters of trans-[M 2(CN)4(PH2CH2PH2)2] (M ) Pt (1), Pd (2), and Ni (3)) and
trans-[Pt2X4(PH2CH2PH2)2] (X ) Cl (4) and Br (5)) Using the MP2 Method for the Ground State and the UMP2 Method for the
Triplet Excited State Together with the Experimental Values from X-ray Diffraction a

1 2 3 4 5

paramsb 1Ag exp. 3Au
1Ag exp. 3Au

1Ag exp. 1Ag
3Bg

1Ag
3Bg

bond lengths (Å)
M-M 3.069 3.057 2.794 3.020 3.043 2.753 3.021 2.957 3.166 3.144 3.164 3.062
M-P 2.305 2.329 2.343 2.292 2.345 2.356 2.116 2.236 2.300 2.356 2.300 2.332
M-Y 2.020 1.994 2.025 2.005 2.001 2.024 1.826 1.864 2.345 2.373 2.481 2.531
CtN 1.221 1.161 1.171 1.222 1.140 1.228 1.223 1.149
P‚‚‚P 3.065 3.097 3.069 3.095 3.069 3.067 3.093 3.067 2.981

bond angles (deg)
P-M-P 179.9 177.3 172.6 178.8 177.2 171.7 178.7 176.5 177.5 178.8 177.6 178.0
P-M-M 89.9 90.2 93.7 90.6 90.0 94.1 90.7 90.9 88.8 89.4 88.8 89.0
Y-M-Y 173.5 176.6 173.8 172.2 176.6 172.6 170.9 175.8 172.1 177.1 167.3 165.5
Y-M-M 93.2 92.1 93.1 93.9 91.7 93.7 94.5 92.0 94.0 91.5 96.3 97.2
Y-M-P 92.7 94.7 92.7 93.1 94.7 93.2 92.4 89.9 93.4 93.0 92.8 93.1
Y-M-P 87.3 88.8 86.9 86.8 88.7 86.3 87.5 85.5 86.7 87.0 87.4 87.1

a Experimental values oftrans-[M2(CN)4(PCy2CH2PCy2)2] (M ) Pt, Pd, and Ni) from refs 12 and 14.b Y atom denotes the C atom of the
cyanide group for1-3, the Cl atom for4, and the Br atom for5.

TABLE 2: Optimized Geometry Parameters of
trans-[M(CN) 2(PH3)2] (M ) Pt (6), Pd (7) and Ni (8)) Using
the MP2 Method for the 1Ag Ground State, Together with
the Experimental Values from X-ray Diffraction a

6 7 8

params 1Ag exp. 1Ag
1Ag exp.

bond lengths (Å)
M-P 2.320 2.336 2.310 2.125 2.243
M-C 2.021 2.021 2.010 1.824 1.857
CtN 1.220 1.106 1.221 1.220 1.148

bond angles (deg)
C-M-P 88.5 89.2 88.1 88.0 89.0
C-M-P 91.5 90.8 92.0 92.0 91.0

a Experimental values oftrans-[M(CN)2(PCy3)2] (M ) Pt and Ni)
from ref 12.
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ca. 172° for 1-5 are comparable to experimental values of 177°
and 176°, respectively (Table 1, the Y atom denotes the C atom
of the cyanide group for1-3, the Cl atom for4, and the Br
atom for 5). For the platinum(II) dimers (1, 4, and 5), the
Y-Pt-Y angles were calculated at 173.5°, 172.1°, and 167.3°,
respectively. Among these, the Br-Pt-Br angle of5 has the
largest 12.7° deviation from 180° to decrease the repulsion of
the two large Br atoms as much as possible. A similar case
occurs in crystals oftrans-[Pd2X4(PMe2CH2PMe2)2] (X ) CN,
Cl, and Br), where the X-Pd-X angles are 174.0°,14 173.1°,4g

and 168.3°,4g respectively. The two MP2Y2 units in1-5 are in
normal face-to-face orientation reflected in Figure 1a and 1b.
With respect to monomers6-8, we predict the P-M-P and
C-M-C angles to be 180° just like experimental reports.12

It can be seen from Tables 1 and 2 that the calculated M-P,
M-Y, and CtN distances are in agreement with the corre-
sponding experimental values. The largest differences of these
distances are ca. 0.08 (M-P), 0.04 (M-Y), and 0.11 Å (CtN)
for 3, 3, and6, respectively. It is thought that these differences
result from the use of relatively smaller basis sets (P(2s2p1d),
N(3s2p), C(3s2p), and H(2s)) and approximation of H atoms
in place of Me, Ph, and Cy groups. To examine the dependence
of the CtN bond length on basis sets, we optimized the HCN
molecule at the MP2 level. With the increase of the basis sets
(LanL2DZ, 6-31G*, 6-311G**, 6-311G (3df, 3pd)), the CtN
distance is improved greatly from 1.212 to 1.178 to 1.165 Å.
Use of larger basis sets makes the calculated CtN distance
very close to the experimental value of 1.161 Å.

An interesting feature in the binuclear metal complexes is
the weak metal-metal interaction.1,2,10-16 Previous studies on
related Au(I) complexes showed that the Au(I)-Au(I) distance
falls within the range of 2.8-3.2 Å and that the energy of this
interaction is comparable to that of hydrogen bonds.20-22,36,38,39

Here, the calculated M(II)-M(II) distances for1-3 in the
ground state range from 3.020 to 3.069 Å, in agreement with
ca. 3.0 Å (mean value) fortrans-[M2(CN)4(PCy2CH2PCy2)2]
(M ) Pt, Pd, and Ni),12-15 and the Pt(II)-Pt(II) distances for4
and5 are 3.166 and 3.164 Å, respectively. For the platinum(II)
complexes, the longer Pt(II)-Pt(II) distances of4 and5 relative
to 1 are related to the larger repulsion of two halogen atoms,
which has been reflected in the Y-M-M angles (94.0° for Cl-
Pt-Pt, 96.3° for Br-Pt-Pt, and 93.2° for C-Pt-Pt) as shown
in Table 1. The slightly shorter M(II)-M(II) distance than the
van der Waals contacts of 3.2 Å40 implies that a possible weak
bonding interaction between the two M(II) centers in1-5
occurs. To judge whether the interaction is bonding or not, we
carried out the frequency calculations on1-5 at the MP2 level.

It is shown that the frequencies at 94, 106, 83, and 75 cm-1

were attributed to M(II)-M(II) stretching vibrations for1, 2,
4, and5, respectively. Among these, the calculated value of1
is comparable to a resonance-enhanced band at 93 cm-1 from
resonance Raman spectra oftrans-[Pt2(CN)4(PCy2CH2PCy2)2].12

However, despite carefully examining all the vibrational modes,
no Ni-Ni stretching vibration is found for3. Our frequency
calculations demonstrate that the weak metal-metal interaction
in 1, 2, 4, and5 is bonding in nature, but in3 is not. The present
calculated results support experimental investigations ontrans-
[M2(CN)4(PR2CH2PR2)2] (M ) Pt, Pd, and Ni; R) Me and
Cy),12,14which demonstrated the existence of weak metal-metal
bonding interaction in platinum and palladium complexes but
no bonding interaction in nickel complex.

3.2. Electronic Structures and Absorption Spectra.On the
basis of the ground-state structures, TD-DFT (B3LYP) associ-
ated with the PCM solvent-effect model was performed to
predict the absorption spectra of1-8 in CH2Cl2 solution. With
respect to the1Ag ground state under theC2h point group, the
1Ag f 1Au and1Ag f 1Bu transitions are dipole allowed. We
summarize the calculated low-lying absorptions in CH2Cl2
solution in Tables 3 and 4 and Supporting Information Tables
1-6 together with corresponding experimental data.12-15 The
detailed molecular orbital information under the TD-DFT/PCM
calculations is listed in Supporting Information Tables 7-14.
The coordinate orientation is depicted in Figure 1, where thez
axis goes through the two metal atoms for dimers and is taken
normal to the molecular plane for monomers.

3.2.1. Molecular Orbitals of1 and6. It is found in Supporting
Information Table 8 and Supporting Information Figure 1 that
the occupied orbitals of6 have significant Pt 5d character,
accompanied by participation of the CN- group. 3bg, 11ag, 12ag,
and 4bg (HOMO) molecular orbitals (MOs) are mainly formed

TABLE 3: Calculated Absorptions of 1 in CH2CL2 Solution at the TD-DFT (B3LYP) Level, Associated with the Absorptions
Observed in the Experimenta

PR2C H2PR2 (R ) H) Me Ph Cy

states conf. |CI coef.| > 0.2 trans. energy (nm) trans. energy (eV) f b λmax εmax λmax εmax λmax εmax

3Au 15au f 19 ag 0.726 392 3.16 0.000 375 50 390 388 300
A 1Au 15au f 19 ag 0.676 338 3.66 0.215 328 24300 324 10 500 337 24 100
B 1Au 15au f 20 ag 0.684 285 4.35 0.004
C 1Bu 18bu f 19ag 0.686 276 4.49 0.077 256 6000 275 (sh)c 9690 263 8900
D 1Bu 15bg f 16au 0.644 266 4.67 0.002

18bu f 20ag -0.234
E 1Bu 17bu f 19ag 0.695 248 5.00 0.003 235 6000 228 (sh)c 50 450
F 1Bu 16bu f 19ag 0.640 228 5.44 0.001

18bu f 20ag 0.260
G 1Bu 18bu f 20ag 0.595 226 5.48 0.003

16bu f 19ag -0.280
15bg f 16au 0.229

aAbsorption spectra in CH2Cl2 solution for trans-[Pt2(CN)4(PR2CH2PR2)2] (R ) Me, Ph and Cy) from refs 12 and 13.b Oscillator strength.
c Shoulder band observed in experiment.

TABLE 4: Calculated Absorptions of 6 in CH2CL2 Solution
at the TD-DFT (B3LYP) Level

states conf. |CI coef.| > 0.2

trans.
energy
(nm)

trans.
energy
(eV) f

3Au 12ag f 4au 0.723 264 4.69 0.000
A 1Bu 4bg f 4au 0.673 249 4.98 0.090
B 1Au 11ag f 4au 0.688 239 5.18 0.001
C 1Au 12ag f 4au 0.672 233 5.32 0.070
D 1Bu 11bu f 13ag 0.524 208 5.96 0.027

3bg f 4au -0.468
E 1Bu 3bg f 4au 0.497 198 6.26 0.217

11bu f 13ag 0.432
F 1Bu 10bu f 13ag 0.668 195 6.35 0.124
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by 93% dxz, 36% dxy, 82% dz2, and 53% dyz, respectively. 3au
and 11bu orbitals are the ligand-occupied MOs. For the metal-
ligand bonding orbitals, 9bu, 10ag, and 10bu MOs have the Pt-
P, Pt-C, and Pt-C σ-bonding characters, respectively, while
9ag and 2bg MOs are d(Pt)-p(CN) π-bonding orbitals. As
suggested in many studies on the electronic structures for
mononuclear d8 complexes,25,26the Pt dx2-y2 (13ag MO) has the
highest energy of the five d orbitals (Supporting Information
Table 8). The pz(Pt) mixed with some pz(CN) and pz(P) character
forms the LUMO (4au), agreeing with the previous proposal
that theπ-acceptor d8 complexes have empty orbitals with an
admixture of the metal (n+1)pz and ligand-basedπ character.25

With respect to dimeric1, the Pt(II)-Pt(II) interaction
strongly modifies the original orbitals of monomeric6. Most
orbitals in 1 can be assigned as a single-bonding function as
seen in Supporting Information Table 7 and Supporting Infor-
mation Figure 1. Interactions of the dxy(Pt) AOs form theδ and
δ* bonds in 18ag and 14au MOs, respectively. Theπ orbitals
come from dxz(Pt) and dyz(Pt) AOs to give dxz π (15bu) andπ*
(12bg) as well as dyz π (18bu) andπ* (15bg) orbitals. It is worth
noting that there is muchπ(CtN) bonding contribution to metal
dyz π and dxy δ MOs but no contribution to dxz π MOs. This is
because there are symmetry-adaptedπ[pz(CtN)] andπ[px(Ct
N)] orbitals toπ[dyz(Pt2)] andδ[dxy(Pt2)], respectively. For the
four metal-metal σ and σ* orbitals, 15au (HOMO) and 13au
are the metal-metalσ* MOs mainly contributed by the dz2(Pt)
AOs, whereas the 17ag and 16ag σ-bonding orbitals are mixed
by the s(Pt) and dz2(Pt) AOs. There are four metal-ligand
σ-bonding orbitals in the occupied orbitals. 14bg and 17bu MOs
have the Pt-P σ-bonding character, while 16bu and 13bg MOs
have Pt-C σ-bonding character. For lower-energy unoccupied
orbitals, the pz(Pt) interactions give rise toσ (19ag) and σ*
(17au), where there is ca. 11% s contribution to theσ* orbital.
Two Pt dx2-y2 AOs form theδ*(dx2-y2) and δ(dx2-y2) MOs in
16au (LUMO + 1) and 20ag (LURMO + 2), respectively. For
the two orbitals the result thatδ*(dx2-y2) is lower in energy than
δ(dx2-y2) seems puzzling. In fact, theσ*(Pt-P) character in the
two orbitals plays a dominant role in determining the orbital
order.

3.2.2. Absorption Spectra of1 and 6. We described the
calculated electronic spin-allowed transitions of1 in Figure
2 accompanied with the experimental spectrum oftrans-
[Pt2(CN)4(PCy2CH2PCy2)2] observed in CH2Cl2 solution at room
temperature.12 Every transition is labeled as a capital letter
related to its singlet excited state in Table 3. The theoretical

transitions are in reasonable agreement with experimental
measurements. The lowest energy absorption (A in Figure 2)
arising from the X1Ag f A1Au transition was estimated at 338
nm (3.66 eV). It has the largest oscillator strength (0.215) and
should correspond to the peak with the largest molar absorbance
in the experiment. In the excitation, the 15au f 19ag (HOMO
f LUMO) configuration has the largest CI coefficient (ca.
0.676) in the wave functions, which determines the absorption
character. According to Supporting Information Table 7, the
338 nm absorption was attributed to aσ*[d z2(Pt2)] f σ[pz(Pt2)]
(metal-centered, MC) transition, comparable to experimental
328, 324, and 337 nm absorptions fortrans-[Pt2(CN)4(PR2CH2-
PR2)2] (R ) Me, Ph, and Cy) in CH2Cl2 solution at room
temperature, respectively.12,13The calculated 276 nm (4.49 eV)
absorption related to the C1Bu excited state has the admixture
of π[dyz(Pt2)] f σ[pz(Pt2)] (MC) and π(CtN) f π*(CtN)
transitions, mainly contributed by the 18bu f 19ag configuration.
As shown in Table 3 and Supporting Information Table 7, the
B1Au, D1Bu, and G1Bu excited states give rise to df d transition
absorptions at 285, 266, and 226 nm, respectively, while the
E1Bu and F1Bu excited states produce absorptions related to Pt-P
σ bonding. It is worth noting that combination of the 16bu f
19ag and 18bu f 20ag configurations contributes to the 228 (5.44
eV) and 226 (5.48 eV) nm absorptions just with different CI
coefficients. Since the two absorptions have the same1Bu

excited-state symmetry and very close transition energy, they
should correspond to one absorption band in the experiment.
Table 3 indicates that the calculated oscillator strength of
absorption is correlated with the molar absorbance (εmax) in
experiments, especially fortrans-[Pt2(CN)4(PR2CH2PR2)2] (R
) Me and Cy). Thus, the oscillator strength, to some extent,
can be used to theoretically predict the experimental absorption
intensity.18b,41,42

With respect to monomer6, four low-lying df p absorptions
in CH2Cl2 solution were calculated at 249, 239, 233, and 198
nm, corresponding to dyz(Pt) f pz(Pt), dxy(Pt) f pz(Pt), dz2(Pt)
f pz(Pt), and dxz(Pt) f pz(Pt) transitions, respectively. The
lowest energy 249 nm absorption with dyz(Pt) f pz(Pt) in 6 red
shifts to 276 nm withπ[dyz(Pt2)] f σ[pz(Pt2)] in 1. The Pt(II)-
Pt(II) interaction is included in the latter. The calculated 233
nm absorption for6 contributed by dz2(Pt) f pz(Pt) corresponds
to 338 nm for1. It is the strong dz2-dz2 and pz-pz interactions in
dimer 1 that result in a ca. 100 nm red shift of the absorption
wavelength with respect to6. Comparison of the absorptions
of 1 and6 indicates that the Pt(II)-Pt(II) interaction strongly
lowers the df p transition energies, especially the dz2 f pz

transition. In addition, the Pt-Pt interaction also raises the
intensity of the dz2 f pz transition from 0.070 oscillator strength
of 6 to 0.215 of1. These results agree with the corresponding
experimental observations.12

In the TD-DFT calculations on1, triplet excited states related
to spin-forbidden absorptions are also considered. 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 absorption spectra. The lowest energy absorption
from the X1Ag f 3Au transition for1 occurs at 392 nm (3.16
eV), belonging to theσ*[d z2(Pt2)] f σ[pz(Pt2)] (MC) transition.
This is the same transition character as the dipole- and spin-
allowed X1Ag f A1Au transition of 338 nm. It has been
observed thattrans-[Pt2(CN)4(PR2CH2PR2)2] (R ) Me, Ph, and
Cy) complexes in CH2Cl2 solution at room temperature exhibit
very weak absorptions at 375-390 nm (Table 3).12,13

3.2.3. Molecular Orbitals and Absorption Spectra of Other
Complexes.Just like those of1 under the TD-DFT/PCM

Figure 2. Calculated absorption transitions of1 at the TD-DFT/PCM
level together with experimental spectrum oftrans-[Pt2(CN)4(PCy2-
CH2PCy2)2] in CH2Cl2 solution (ref 12).
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calculations, frontier molecular orbitals of2 and 3 have
predominant metal orbital character, i.e., occupied orbitals
mainly arise from metalnd (dxy, dyz, dxz, and dz2) orbitals and
unoccupied orbitals from metalndx2-y2 and (n + 1)pz orbitals
(Supporting Information Tables 9 and 11). Their electronic
structures have little difference. For example, the orbital energies
with π(CtN) + σ(Ni-P) character (14bg and 17au) in 3 are
higher than those withδ(dxy) + π(CtN) (18ag) andδ*(dxy) +
π(CtN) (14au), different from the cases in1 and2 (Supporting
Information Tables 7, 9, and 11). The different electronic
structures may lead to more participation ofσ(M-P) bonding
in the transitions of3 than of1 and2.

There is little difference among6, 7, and8 in the unoccupied
orbitals contributed by metalndx2-y2 and (n + 1)pz. Supporting
Information Table 8 displays that the orbital with pz(Pt) character
(4au) in 6 forms the LUMO, lower in energy than the orbital
with d x2-y2(Pt) compositions (13ag). However, reversed orbital
order occurs in7 and 8 as shown in Supporting Information
Tables 10 and 12, respectively. This difference results from
stronger relativistic effect contraction of the pz orbital in the Pt
atom than in Pd and Ni atoms.

For the platinum(II) complexes (1, 4, and5), the different
ligand X in trans-[Pt2X4(PH2CH2PH2)2] causes the differences
in their electronic structures. First, halogen atoms have more
contribution to theσ*(dz2)-based orbitals of4 and 5 than the
CN- group to that of1 (Supporting Information Tables 7, 13,
and 14). Second, the interactions between adjacent halogen
atoms in4 and 5 play a more significant role in determining
the order of orbital energy level. For example, the orbital with
σ*(dz2) character in1 occupies the HOMO, while the larger
repulsion ofπ[pz(X)] (X ) Cl and Br) changes the orbital order
into [π*(dxz) + π(X)] (HOMO) and [σ*(dz2) + π(X)] (HOMO-
1) of 4 and5. Because of moreπ[pz(X)] participations in [π*-
(dxz) + π(X)] (49% for Cl and 59% for Br) than those in [σ*(dz2)
+ π(X)] (13% for Cl and 29% for Br) for4 and5, respectively,
the orbital with [π*(dxz) + π(X)] character forms the HOMO.
For 13au (LUMO) and 16ag (LUMO+1) in 4, as theσ*(Pt-P)
character plays a significant role in these MOs,δ*(dx2-y2)
occupies the lower energy 13au MO, just like in 1-3.

TD-DFT calculations of2-5 (Supporting Information) show
that df p and df d transitions are dominant in the absorption
spectra in CH2Cl2 solution, agreeing with the experimental
observations.12-15 All σ*[d z2(M2)] f σ[pz(M2)] (MC) transition
absorptions have larger oscillator strengths in their low-lying
transitions of2-5. For 2, the dipole-allowed lowest energy
absorption of 296 nm (4.19 eV) has the 0.156 oscillator strength,
contributed by the 15au f 19ag and 15au f 20ag configurations.
We assigned the absorption as theσ*[d z2(Pd2)] f σ[pz(Pd2)]/
δ[dx2-y2(Pd2)] transitions, comparable to intense 272-291 nm
absorptions fortrans-[Pd2(CN)4(PR2CH2PR2)2] (R ) Me, Ph,
and Cy).14,15 However, this kind of transition is not clearly
observed in the absorption spectra oftrans-[Ni2(CN)4(PR2CH2-
PR2)2] (R ) Me and Cy),12 although the calculated 314 nm
σ*[d z2(Ni2)] f σ[pz(Ni2)] absorption for3 has a larger oscillator
strength of 0.124 as shown in Supporting Information Table 2.
Therefore, the oscillator strength of absorptions alone cannot
provide sufficient information to predict the intensity of
experimental absorption spectra.

Comparison between monomers and dimers in the dz2 f pz

electronic transitions can provide insight into the M(II)-M(II)
interaction in the ground state. For monomers6-8, the
calculated 233, 218, and 246 nm absorptions were assigned as
spin-allowed dz2 f pz transitions, respectively, while theσ*-
(dz2) f σ(pz) transition absorptions of dimers1-3 were

calculated at 338, 296, and 314 nm. The 105, 78, and 68 nm
red shifts of absorption wavelengths for the Pt, Pd, and Ni
complexes result from the M(II)-M(II) interactions, respec-
tively. Accordingly, similar cases occur in the spin-forbidden
dz2 f pz electronic transitions for such d8 metal complexes.
Apparently, the spectroscopic studies display the existence of
a weak M(II)-M(II) interaction. However, this result seems to
conflict with frequency calculations that show that the Ni-Ni
interaction is not bonding in nature. In fact, two such calculated
results for Ni-Ni interaction are not inconsistent. Complex3
has an eight-membered ring skeleton structure. In the structure
the bridging phosphine ligands pull the two nickel(II) atoms to
a closer distance, which results in the compulsive metal-metal
interaction. Thus, the metal-metal interaction should be
explicitly divided into compulsive and attractive (bonding)
interactions. Though the Ni-Ni interaction is essentially not
attractive (bonding) as stated in frequency calculations, it affects
the electronic transition energies of3.

3.3. Excited-State Properties.Studies on the electronic
excited state of molecules continue to receive intense attention
in many fields such as photochemistry,1,2,43spectroscopy,1,2,44-46

and molecular pharmacology.47 Theoretical calculation is one
of the most effective means, which has been widely applied to
deal with such problems.18,22,23

We used the UMP2 method to optimize the lowest energy
triplet excited states of1-5, but the attempt on3 fails. The
optimized main geometry parameters of the excited states are
given in Table 1. Optimizations on1, 2, 4, and5 predict their
lowest energy triplet excited states have3Au, 3Au, 3Bg, and3Bg

electronic excited states, respectively. For1, the Pt-Pt distance
shrinks by ca. 0.28 Å on going from the ground state to the
lowest energy triple excited state, the P‚‚‚P distance decreases
by ca. 0.03 Å, and the Pt-P bonds lengthen ca. 0.04 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. Through the resonance Raman spectral
experiment oftrans-[Pt2(CN)4(PCy2CH2PCy2)2], Che and co-
workers estimated that the Pt(II)-Pt(II) distance contracts ca.
0.11 Å upon excitation.12 Apparently, the Pt-Pt contraction
trend is reproduced by the present calculations. When electrons
are promoted, the changes of the M-M, P‚‚‚P, and Pt-P
distances of2, 4, and5 are similar to those of1 (Table 1). The
bonding interactions between the two metal atoms in the excited
states weaken the PfM dative bonds, leading to elongation of
the M-P bond length.

Analyses on the wave functions of triplet excited states
demonstrate that all the HOMOs of such binuclear d8 complexes
possess M-M bonding character, intuitively depicted in Figure
3. This results in stronger M-M interactions and shorter M-M
distances in the triplet excited states with respect to those in
the singlet ground states. The differences of the M-M distances
are 0.28 (1) > 0.27 (2) > 0.10 (5) > 0.02 Å (4). This order is
closely related to the repulsion between two adjacent X- (CN-,
Cl-, and Br-) ligands, the donating ability of X-, as well as
the HOMO character in the excited state. Because of the lower
repulsion of the cyanide ion than that of the halogen atom as
mentioned above, the M-M distances of1 and 2 should be
shorter than those of4 and5. Figure 3 displays that1 possesses
a σ(pz) bonding HOMO and2, 4, and5 have the HOMOs with
δ(dx2-y2) character. The strongerσ(pz) bonding results in the
shorter M-M distance for1. For the HOMOs withδ(dx2-y2)
charactes of4 and 5, coordination of the halogen atom to
platinum increases the electrons of bonding HOMOs, contracting
the Pt-Pt distance. In contrast, the repulsion of the halogen
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atoms lengthens the Pt-Pt separation. For the face-to-face
square-planar complexes (4 and 5), halogen atoms directly
coordinate to platinum(II) while the repulsion interaction occurs
between adjacent halogen atoms (3.267 Å for4 and 3.699 Å
for 5). Thus, the stronger donating ability of the bromine atom
leads to a slightly shorter Pt-Pt distance for4 than5.

In this work, we predict that the emission energy that refers
to the difference of the total energies between the triplet excited
state and the singlet ground state with the same excited-state
structure.1, 2, 4, and5 give rise to lowest energy phosphorescent
emissions at 2.66 (467), 2.30 (539), 1.65 (751), and 1.49 eV
(831 nm), respectively. Compared with experimental values
available, the UMP2 method slightly underestimates the emis-
sion energy. For example, the emission energy (2.66 eV/467
nm) of 1 is lower than experimental 2.76 eV/450 nm oftrans-
[Pt2(CN)4(PCy2CH2PCy2)2] in the solid state at room temper-
ature;12 the emission energy of2 underestimates by ca. 0.17
eV relative to 2.47 eV (503 nm) oftrans-[Pd2(CN)4(PCy2CH2-
PCy2)2] observed in the solid state at 77 K.14 The UMP2
calculations show that the3Au excited state of1 can give the
σ(pz) f σ*(dz2) (HOMO f LUMO) phosphorescent emission,
while those of2 and4/5 contribute to the lowest energyδ(dx2-y2)
f σ*(dz2) and δ(dx2-y2) f π*(dxz) transitions, respectively
(Figure 3).

In addition, we carried out frequency calculations on1, 2, 4,
and5 for the lowest energy triplet excited states to characterize
the M(II)-M(II) interactions. Because the HOMOs in their
triplet excited states all have bonding properties, the excited-
state M-M stretching frequencies should be higher than those
of the ground states. Through vibrational-mode analyses, the
calculated 140 cm-1 frequency of1 in the3[σ*(dz2)σ(pz)] excited
state was attributed to the Pt-Pt stretching frequency, much
higher than the 94 cm-1 one in the ground state. This suggests
that the interaction between the two Pt atoms is weak in the
ground state (3.069 Å Pt-Pt distance) but strongly enhanced
in the triplet excited state (2.794 Å Pt-Pt distance). The excited-
state Pt-Pt stretching frequency of1 agrees well with the 145
cm-1 for trans-[Pt2(CN)4(PCy2CH2PCy2)2]* estimated by the
resonance Raman spectra12 and is comparable to the excited
Pt-Pt frequencies, 146 cm-1 for {[Pt2(pcp)4]4-}* (pcp )
P2O4CH4

2-)48 and 155 cm-1 for {[Pt2(pop)4]4-}*1,44,45a,48and
to the experimental d7-d7 stretching frequencies, 158 cm-1 for

[Pt2(pop)4Cl2]4-,1,45,49134 cm-1 for [Pt2(pop)4Br2]4-,1,45c,49and
156 cm-1 for [Pt2(pop)4CH3I]4-.1,45cSimilarly, the excited-state
M-M frequencies of2, 3, and 5 (166, 95, and 84 cm-1,
respectively) also increase relative to those in their ground states.
The present studies demonstrate that the M(II)-M(II) stretching
frequency is correlated with M-M distance, namely, stronger
frequency, shorter distance. In Supporting Information Table
15, we summarized the calculated M-M distances and stretch-
ing frequencies in the ground and lowest energy triplet excited
states for a series of binuclear d8 complexes from MP2 and
UMP2 calculations, respectively. The plot of the M-M dis-
tances versus stretching frequencies in Figure 4 intuitively
illustrates that the M-M distances are linearly correlated with
the M-M stretching frequencies for binuclear d8 complexes.

4. Conclusions

We explored the ground- and excited-state properties of
binuclear d8 complexes1-5 at the MP2 and UMP2 levels. In
the ground state, the calculated M(II)-M(II) distances range
from 3.02 to 3.17 Å. Though the slightly shorter distance than

Figure 3. Electron density diagrams of HOMO and LUMO for1, 2, 4, and5 under UMP2 calculations.

Figure 4. Plot of M-M distances versus stretching frequencies in the
ground and lowest-energy triplet excited states for a series of binuclear
d8 complexes (Supporting Information, Table 15) under MP2 and UMP2
calculations, respectively.
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the van der Waals contacts of 3.2 Å implies a weak bonding
interaction between the two metal atoms, frequency calculations
demonstrate that the weak metal-metal interaction in1, 2, 4,
and5 is bonding in nature but in3 is not. This agrees with the
experimental results.12,14 Upon excitation, the metal-metal
distances shorten by ca. 0.28, 0.27, 0.02, and 0.10 Å for1, 2,
4, and 5, respectively. Enhancement of the metal-metal
interaction is related to promotion of electrons into bondingσ-
(pz) or δ(dx2-y2) orbitals. The present calculations on binuclear
d8 complexes in the ground and triplet excited states reveal that
the M-M distances are linearly correlated with the M-M
stretching frequencies.

To rationalize spectroscopic properties, the TD-DFT method
associated with the polarized continuum model (PCM) was
performed to predict absorption spectra1-5 as well as
mononuclear d8 complexes6-8 in CH2Cl2 solution. For6-8,
the calculated 233, 218, and 246 nm absorptions were assigned
as spin-allowed dz2 f pz transitions, respectively, while theσ*-
(dz2) f σ(pz) transition absorptions of1-3 were calculated at
338, 296, and 314 nm. With respect to analogous mononuclear
d8 complexes, the metal-metal interaction results in a large red
shift of absorption wavelength for the binuclear d8 complexes.
Relative to1 with unsaturated CN- donors, introduction of
saturated halogen donors into4 and 5 changes their HOMO
and LUMO character, which leads to the lower energy df d
transition absorptions in platinum(II) halide complexes.

UMP2 calculations predict the lowest energy phosphorescent
emissions of1, 2, 4, and 5 at 467, 539, 751, and 831 nm,
respectively. The first two are in agreement with the experi-
mental 450 nm emission oftrans-[Pt2(CN)4(PCy2CH2PCy2)2]
and 503 nm oftrans-[Pd2(CN)4(PCy2CH2PCy2)2] in the solid
state, respectively. It is shown that the3Au excited state of1
can give theσ(pz) f σ*(dz2) phosphorescent emission, while
those of2 and4/5 contribute to the lowest energyδ(dx2-y2) f
σ*(dz2) andδ(dx2-y2) f π*(dxz) transitions, respectively. These
results are also supported by such TD-DFT calculations.
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