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The platinum dimer and heteropolynuclear platinum complexes of
3,5-dimethylpyrazolate, [Pt2M4(µ-Me2pz)8] [M ) H (1), Ag (2), Cu
(3)], were synthesized and structurally characterized. They exhibit
yellow, sky-blue, and orange luminescence, respectively, in the
solid state. The absorption bands of 2 and 3 are mainly assigned
to the combination of the metal–metal-to-ligand charge-transfer
and [Pt2 f Pt2M4] transitions by the time-dependent density
functional theory (DFT) method. DFT calculations also indicate
that the emissive states of 2 and 3 are 3[Pt2f Pt2Ag4] and 3[Cu(d)
f Pt2Cu4], respectively.

Because heavy-metal ions in a molecule serve to increase
the intersystem crossing rate through spin-orbit coupling
and reduce the forbidden character of emission from the
triplet state, iridium and platinum have attracted much
attention for developing new complexes showing bright
luminescence at an ambient temperature. Actually many
different classes of homoleptic and heteroleptic iridium
complexes have been synthesized.1 On the other hand, the
development of strongly emissive platinum complexes and
the study on the control of emission energies have been
limited except for recent pioneering works;2 for instance,
emission energies were successfully controlled by changing

the constituent coinage metal ions in the heteropolynu-
clear platinum complexes, [Pt2M4(CtCR)8] and [Pt2M4(µ-
CtCPh)4(µ-Me2pz)4] [M ) Cu, Ag, Au; R ) tert-butyl,
phenyl, (3-OMe)C6H4].3 Recently, we also reported the
synthesis of a heteropolynuclear complex, [Pt2Ag4(µ-pz)8],4

by using [Pt(pz)2(pzH)2]2 (pzH ) pyrazole).5 However, the
number of brightly luminescent platinum-based complexes
is still limited, and the nature of the emissive state has not
been fully understood. It is thus interesting and challenging
to develop new materials of platinum or platinum-based
mixed-metal complexes and to characterize their emissive
state. In this Communication, we report the synthesis
of a platinum complex of 3,5-dimethylpyrazolate (Me2pz),
[{Pt(Me2pz)2(Me2pzH)2}2] (1), and the Me2pz-bridged Pt2Ag4

and Pt2Cu4 analogues, [Pt2M4(µ-Me2pz)8] [M ) Ag (2), Cu
(3)], which exhibit bright visible-light luminescence.

The mixed-metal complexes 2 and 3 can be obtained by
replacing the protons, involved in hydrogen bonds in 1, with
either a AgI or CuI ion (Scheme 1). The outstanding features
of the precursor complex 1 and mixed-metal complexes 2
and 3 are that all of the complexes are brightly luminescent
and that their emission energies can be controlled by the
constituent coinage metal ions as follows: The complexes
1-3 exhibit bright luminescence of yellow (λmax ) 556 nm),
sky blue (λmax ) 497 nm), and orange (λmax ) 625 nm),
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respectively, in the solid state upon exposure to UV radiation
(Figure 1).6 However, the emission bands of these complexes
in CH2Cl2 solutions are significantly red-shifted from those
in the solid state, with the differences in λmax being 1320
cm-1 for 1, 1180 cm-1 for 2, and 3800 cm-1 for 3. These
observations may be attributed to the large structural changes
in the excited state. In the excited states of 2 and 3,7 the
shortening of M · · ·M distances and concomitant elongation
of the Pt · · ·Pt distance are expected because the lowest
unoccupied molecular orbitals (LUMOs) involve stronger
bonding interaction among coinage metal atoms, as will be
discussed below. The large structural difference between the
ground and photoexcited states is unfavorable for bright
luminescence.8 However, 2 and 3 indeed exhibit bright
emission with very high quantum yields in the solid state
(Φ ) 0.06 for 1; Φ ) 0.85 for 2; Φ ) 0.28 for 3), though
the emission intensities are reduced in CH2Cl2 (Φ ) 0.001
and τ ) 210 ns for 1; Φ ) 0.51 and τ ) 6.0 µs for 2; Φ )
0.042 and τ ) 11.9 µs for 3). Although a similar dependence
of the emission energies on the constituent coinage metal
ions was also observed for [Pt2M4(µ-CtCPh)4(µ-Me2pz)4]
(M ) Cu, Ag, Au), 3 exhibits a considerably large Stokes
shift in a CH2Cl2 solution. It is noted that the quantum yields
of 2 and 3 in CH2Cl2 are 15s20 times higher than those of
[Pt2M4(µ-CtCPh)4(µ-Me2pz)4] with the corresponding coin-
age metal ions.3f

The molecular structures of 1-3 were determined by single-
crystal X-ray structure analyses.9 Complex 1 is given as a dimer

of mononuclear complex units, {Pt(Me2pz)2(Me2pzH)2}, in
which two Me2pz anions and two neutral Me2pzH ligands
coordinate to the PtII ion (Figure S1 in the Supporting Informa-
tion). This dimeric structure is stabilized by the strong N-H · · ·N
hydrogen-bonding interactions. The Pt · · ·Pt distance in 1 is
3.7205(3) Å, which is too long to consider an effective
metal-metal interaction. The structure of [Pt2Ag4(µ-Me2pz)8]
(2) in Figure 2 is similar to those of [Pt2Ag4(µ-pz)8]4 and
[Pd2Ag4(µ-Me2pz)8].10 The Pt · · ·Pt distance in 2 is 5.1578(8)
Å. The Pt · · ·Ag distances in 2 are close to each other, ranging
from 3.4514(7) to 3.5147(8) Å. The proximate Ag · · ·Ag dis-
tances range from 3.272(1) to 3.384(1) Å. The structure of 3 is
very similar to that of 2 (Figure S2 in the Supporting Informa-
tion). However, mainly because of the smaller ionic radius of
CuI, the Pt · · ·Pt distance in 3 is 4.709(1) Å. The Pt · · ·Cu and
Cu · · ·Cu distances are 3.3726(7) and 3.415(2) Å, respectively.
Although the Pt · · ·Pt and Pt · · ·M (M ) Ag, Cu) distances in
2 and 3 are considerably different from those in [Pt2M4(CtCR)8]
with the corresponding coinage metal ions, the Ag · · ·Ag and
Cu · · ·Cu distances in the two systems are comparable.3
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a single transition. Half-width (cm-1): 1, 5690; 1′, 6130; 2, 2740; 2′,
3170; 3, 3060; 3′, 3060.

(7) The optimized geometrical parameters for the excited states of 2 and
3 are summarized in Tables S11 and S12 in the Supporting Information
with those for their ground states. Selected molecular orbitals of the
triplet states for 2 and 3 by the B3LYP method are also depicted in
Figures S18 and S19 in the Supporting Information.
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Scheme 1. Synthesis of [Pt2M4(Me2pz)8] [M ) Ag (2), Cu (3)]

Figure 1. Normalized emission spectra of 1 [λmax ) 556 nm (18 000 cm-1)],
2 [λmax ) 497 nm (20 100 cm-1)], and 3 [λmax ) 625 nm (16 000 cm-1)]
in the solid state and in CH2Cl2 {1′ [λmax ) 600 nm (16 700 cm-1)], 2′
[λmax ) 528 nm (18 900 cm-1)], and 3′ [λmax ) 820 nm (12 200 cm-1)]}
at 295 K obtained by using the fourth-harmonic generation of a Nd:YAG
laser at 266 nm. The photographs show luminescence of crystals of 1-3
upon exposure to UV radiation at an ambient temperature.

Figure 2. Molecular structure of 2 with the atomic labeling scheme (50%
probability ellipsoids). Selected bond distances (Å) and angles (deg):
Pt1 · · ·Pt1*, 5.1578(8); Pt1 · · ·Ag1, 3.5147(8); Pt1 · · ·Ag1*, 3.4514(7);
Pt1 · · ·Ag2, 3.4980(8); Pt1 · · ·Ag2*, 3.5068(8); Ag1 · · ·Ag1*, 3.285(1);
Ag1 · · ·Ag2, 4.711(1); Ag1 · · ·Ag2*, 3.384(1); Ag2 · · ·Ag2*, 3.272(1);
Pt1-N, 1.972(8)-2.025(7); Ag-N, 2.080(8)-2.090(8); N12-Ag1-N22*,
172.3(3); N32-Ag2-N42*, 171.0(3).
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To shed clear light on the absorption spectra of 2 and 3, the
absorption bands of these complexes were theoretically inves-
tigated with the time-dependent density functional theory (DFT)
method. Those of pz analogues were also investigated because
[Pt2Ag4(µ-pz)8] does not exhibit emission in the solid state and
in a fluid solution. Calculated transition energies agree well with
the experimental results in Table S7 in the Supporting Informa-
tion. This table summarizes the excitations (transitions) with
strong oscillator strengths, which have a higher contribution to
the absorption spectra of 2 and 3. The molecular orbitals, which
contribute to the excitations in this table, are depicted in Figure
3. The absorption bands of 2 are assigned to the combination
of the metal–metal-to-ligand charge-transfer (MMLCT) and [Pt2
f Pt2Ag4] transitions,11 where the former involves transitions
from dπ(Pt) and dσ(Pt) to π* of Me2pz ligands and the latter
involves transitions from dσ*(Pt), dπ(Pt), and dπ*(Pt) to the
LUMO; see Figure 3 for these orbitals. The absorption bands
of 3 are similarly assigned to those of 2, but they also involve
transitions from Cu(d) to the LUMO ([Cu(d)f Pt2Cu4]). The
LUMO mainly consists of in-phase combination of 6p of two
Pt ions and 5p of four Ag ions (or 4p of four Cu ions). The
in-phase combination among coinage metal ions and PtII ions
is reported here for the first time in the heteropolynuclear PtII

complexes, though that of (n + 1)s orbitals of Cu, Ag, and Au
(n ) 3-5) is observed in the LUMO of [M3{3,5-(CF3)2pz}3].12

The triplet excited state was optimized with the DFT
method because the emission takes place from the triplet state
in these complexes. The calculated energies of emission agree
well with the experimental values for 2 and 3.13

The emission of 2 is assigned to the transition from the
in-phase combination of 6p(Pt) and 5p(Ag) to the dδ(Pt)
nonbonding orbital (3[Pt2 f Pt2Ag4]). The singly occupied
molecular orbitals (SOMOs) obtained for the triplet excited
state of 2 are similar to the LUMO and highest occupied
molecular orbital of the ground state. In 3, one SOMO also
consists of the in-phase combination of 6p(Pt) and 4p(Cu)
like that of 2, but the other consists of a dπ(Cu) orbital
localized on one of the four Cu ions. The emission of 3 is
assigned as the emission from the 3[Cu(d)f Pt2Cu4] excited
state. The difference in the SOMOs between 2 and 3 is
interpreted in terms of the difference in the orbital energies
of Ag, Cu, and Pt as follows: The 3d orbital of CuI is located
at energy higher than the 5d orbital of PtII, and the 4d orbital
of AgI is located at energy lower than the 5d orbital of PtII

(Figure S21 in the Supporting Information). Thus, one
SOMO of 2 consists of the 5d orbital of PtII, while that of 3
becomes the 3d orbital of CuI, though the rest of the SOMOs
in 2 and 3 are similar to their LUMOs. As is seen in the
assignments of absorption bands, the emissive states of 2
are also essentially the same as those of pz analogues, even
though the introduction of methyl groups on the pyrazolate
ligand is found to result in dramatic enhancement in the
luminescence quantum yield. The studies for elucidating the
effect of the substituent groups on the luminescent properties
are in progress.

In conclusion, brightly luminescent platinum dimer and
heteropolynuclear platinum complexes, [Pt2M4(µ-Me2pz)8]
[M ) H (1), Ag (2), Cu (3)], are prepared and structurally
characterized. The yellow, sky-blue, and orange lumines-
cences of 1-3, respectively, indicate that the emission energy
can be controlled by the change of incorporated cations.
DFT calculations show that 2 and 3 have quite unique
LUMOs. The observed lifetimes of the emission in the
microsecond regime are consistent with the assignment that
the emissive states of 2 and 3 are 3[Pt2f Pt2Ag4] and 3[Cu(d)
f Pt2Cu4], respectively.
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(11) Here we define the term “MMLCT” as the charge-transfer transition
from σ(Pt-Pt) to ligand π* orbitals. A [Pt2f Pt2Ag4] transition means
that the excitation occurs from the σ*(Pt-Pt) orbital to the bonding
orbital of the Pt2Ag4 moiety: see the 261 molecular orbital for Pt2Ag4
and the 250 molecular orbital for σ*(Pt-Pt). Note that the 261
molecular orbital consist of the bonding combination of 6p of Pt atoms
and 5p of Ag atoms.
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Figure 3. Isosurface plots (ψ ) (0.05 atomic units) of selected molecular
orbitals important to the band assignment for 2 (a) and 3 (b).
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