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Electronic structures and spectroscopic properties of [Pt(trpy)CtCR]+ (trpy ) 2,2′, 6′,2′′-terpyridine; R) H
(1), CH2OH (2), and C6H5 (3) ) are studied by ab initio and DFT methods. The ground- and excited-state
structures are optimized by the MP2 and CIS methods, respectively. The absorption and emission spectra in
the dichloromethane solution are obtained by using TD-DFT (B3LYP) method associated with the PCM
model. The calculations indicate that, for1-3, the variation of the substituents on the acetylide ligand only
slightly changes their structures in ground and excited states but leads to a sizable difference in the electronic
structures. In both cases of absorption and emission, the energy levels of HOMOs for1-3 are sensitive to
the substituents on acetylide ligand and increase obviously with the introduction of the electron-donating
groups; however, those of trpy-based LUMOs vary slightly. The lowest-energy emissions are attributed to
triplet acetylide/Ptf trpy charge transfer (3LLCT/3MLCT) transitions and the lowest-energy absorptions and
emissions for1-3 are red-shifted on the order of1 < 2 < 3 when the electron-donating groups are introduced
into the acetylide ligand. By comparison of the results obtained by using different functionals in TD-DFT
method, the calculations indicate that the exchange-correlation functionals (B3LYP, B3P86 and B3PW91)
involving Becke three parameter hybrid functionals are appropriate for the terpyridyl platinum(II) acetylide
complexes to get the relatively satisfactory results for the absorption spectra. The underestimated excitation
energies of lowest-lying absorption bands are probably due to insufficient flexibility in TD-DFT method to
describe states with large charge transfer.

I. Introduction

Platinum(II) complexes have been extensively investigated
by experiments1 over the past few decades, due to their rich
spectroscopic properties. A wide range of Pt(II) complexes have
been synthesized and structurally characterized, and the corre-
sponding absorptions and emissions have also been explored
in considerable details.2 The emission spectra displayed a variety
of electronic excited states responsible for the phosphorescence
of the complexes:3MC (metal centered),3MLCT (metal-to-
ligand charge transfer),3LLCT (ligand-to-ligand charge transfer),
3π f π*, and 3MMLCT (metal-to-metal-to-ligand charge
transfer) transitions.3

Recently, people’s interests were focused on the terpyridyl
Pt(II) complexes and their derivatives such as [Pt(trpy)R]+ and
[Pt(4-X-T)R]+ (X ) ph, Ar, Me, C6H4Me and tolyl; R) Cl,
CN, NCS, OH, OMe, and MeCN) because of their unique
spectroscopic properties and intense luminescence in solid and
solution in visible region. Yam et al. and Yang et al. found that
the terpyridyl Pt(II) acetylide complexes4 can exhibit long-lived
emissions and large quantum yields with respect to other
complexes, and tentatively assigned the lowest-energy emissions
as the phosphorescence arising from the3MLCT/3LLCT transi-
tion. In general, the nature of the spectra is related to the
character of the substituted ligands. The efficient radiationless
decay via a low-lying3d-d state has been suggested as the
intrinsic reason for no detectable emission in fluid solution for
the [Pt(trpy)Cl]+ complexes.5 However, the introduction of

substituents such as aryl groups into the terpyridyl ligand results
in the Pt(II) complexes highly emitting in solution,6 because
the delocalization of the aryl groups stabilizes the LUMOs
(lowest unoccupied molecular orbitals) and increases the energy
gap between the charge transfer and d-d transition. Further-
more, if the Cl anion of [Pt(trpy)Cl]+ is replaced with a rich-
electron ligand such as NCS, CH3, OCH3, and phenyl et al.,5,7

the 3MLCT, 3LLCT, and3π f π* transitions can be expected.
Absorption and emission spectra of the terpyridyl Pt(II)

complexes are usually sensitive to the environment. For
example, Yip et al. have reported the phosphorescence of the
[Pt(trpy)Cl]CF3SO3 salt at room temperature as well as 77K in
the solid,8 but no emission has been found for [Pt(trpy)Cl]+ in
solution at room temperature. Moreover, the difference in
electronic structure also plays an important role in the absorption
and emission. The emission of [Pt(trpy)(MeCN)](SbF6) in solid
state at room-temperature was attributed to aππ* character,9

but that of [Pt(trpy)R]+ (RdCl and CtPh et al.) was regarded
as a MMLCT character.4a,10

On the basis of the experimental results, the terpyridyl Pt(II)
acetylide complexes can be a kind of promising luminescent
material with a variety of electronic excited states. To provide
the experimental results a powerful theoretical support£×c2we
calculate three complexes, [Pt(trpy)CtCR]+ (trpy ) 2,2′, 6′,2′′-
terpyridine; RdH (1), CH2OH (2) and C6H5 (3) ), and reveal
the substituent effects upon electronic structures and spectro-
scopic properties. The calculation indicates that the3LLCT/3-
MLCT transition is responsible for the lowest-energy phospho-
rescence for1-3. The phosphorescent emissions are red-shifted
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in the order1 < 2 < 3 as the ability of electron-donating of
substituents increases.

II. Computational Details and Theory

The second-order Møller-Plesset perturbation (MP2)11 and
single-excitation configuration interaction (CIS) methods12 are
employed to optimize the ground and excited-state structures
for 1-3, respectively. The MP2 calculations reveal that the
ground-states are1A1, 1A′, and 1A1 for 1, 2, and 3 with the
[36(a1

2)27(b2
2)8(b1

2)5(a2
2)], [50(a′2)34(a′′2)], and [46(a12)34(b2

2)-
10(b1

2)6(a2
2)] electronic configurations, respectively. On the

basis of the optimized structures in ground and excited states,
the spectroscopic properties related to absorption and emission
in dichloromethane are obtained by the time-dependent density
functional theory (TD-DFT)13 at B3LYP functional (Becke’s
three parameter functional and the Lee-Yang-Parr functional)14

associated with the polarized continuum model (PCM).15

The optimized ground-state structures for1-3 are illustrated
in Figure 1 together with the molecular coordinate orientation.
In the calculations, the terpyridyl ligand lies on thexy plane
and thezaxis is perpendicular to the plane of terpyridyl ligand;
Pt(II) atom and acetylide ligand orient they axis.

For1-3, the coordination geometry of Pt(II) keeps the quasi
square planar conformation, as illustrated in Figure 1. In the
calculations,C2V symmetry is adopted to1 and 3, while Cs

symmetry is adopted to2, since the CH2OH substituent breaks
theC2V symmetry. With respect to3, the plane of phenyl group
is placed parallel to the terpyridyl plane, because the extended
π-conjugation among the whole complex stabilizes the confor-
mation. The X-ray diffraction of [Pt(trpy)CtCC6H5]+ have
proved that the phenyl ring on the acetylide ligand is only
twisted by a angle of 5.6° to the plane of Pt(II)-terpyridine.5a

It is well-known that, for excited states, the CIS method is
most similar for the HF method to the ground state. However
through the using of analytic gradients and methods properly
including the effects of electronic correlation, the bond lengths,
frequencies, and dipole moments at the CIS level are well in
line with the experimental values as well as the application of
the method to very large molecules is possible.12 Though the
reasonable excited-state structures can be obtained by CIS
method, the predicted transition energies deviate from experi-
mental values commonly about 1 eV or more. In recent years,
TD-DFT methods have been successfully used to calculate
singlet-singlet and singlet-triplet transitions in many reports.16

More electronic correlations are involved in the TD-DFT
(B3LYP) approach, which then yields more accurate excitation
energies than CIS method. This approach overcomes many of
the problems encountered in vertical energies with the CIS
method, providing accurate excitation energies of valence and
Rydberg states. To obtain the accurate excited-state geometry

and excitation energies, on the basis of CIS optimized structures
of the excited states, we employ the TD-DFT method to
calculate the excitation energies in emission. Since the accurate
excited-state structure by the CIS method and excitation energy
by the TD-DFT method can be obtained, the combination of
the two methods will be expected to predict the preferable
geometry and electronic structures as well as excited-state
properties in emission. In this calculation, we optimize the
excited-state structures for1-3 by CIS method and correct their
excitation energies by using the TD-DFT approach.

In the calculation, quasirelativistic pseudopotential of the
Pt(II) atom proposed by Hay and Wadt17 with 18 valence
electrons is employed, and the LANL2DZ basis sets associated
with the pseudopotential are adopted. To precisely describe the
molecular properties, one additional f-type polarization function
is implemented for Pt(II) atom (R ) 0.14).18 The basis sets
(8s6p3d1f/3s3p2d1f) for the Pt(II) atom and (10s5p/3s2p),
(10s5p/3s2p), and (4s/2s) for N, C, and H are used for the
valence shell, respectively. Therefore, 233 basis functions and
152 electrons for1, 255 basis functions and 168 electrons for
2, and 295 basis functions and 192 electrons for3 are included
in the calculations. All the calculations are accomplished by
using the Gaussian03 (Revision B.03) program package on an
Origin/3900 server.19

III. Results and Discussions

III.A . The Ground-State Structures and the Absorption
Spectra in the CH2Cl2 Solution. The ground-state structures
for 1-3 are fully optimized by the MP2 method. The optimized
structures are illustrated in Figure 1 and corresponding main
geometrical parameters are listed in Table 1. The bond angles
of N(1)-Pt-N(2) are about 81° for 1-3, corresponding well

Figure 1. Optimized ground-state structures for [Pt(trpy)CtCH]+ (1), [Pt(trpy)CtCCH2OH]+ (2), and [Pt(trpy)CtCC6H5]+ (3) under MP2 methods,
respectively.

TABLE 1: Optimized Main Geometry Parameters of the
Ground State and the Triplet Excited State for
[Pt(trpy)C tCH]+- (1), [Pt(trpy)C tCCH2OH] +, (2) and
[Pt(trpy)C tCC6H5]+ (3) Using the MP2 and CIS Methods,
Respectively, Together with the Experimental Values

1 2 3

state 1A1
3A1

1A′ 3A′ 1A1
3A1 expta

Bond Length [Å]
Pt-N(1) 2.005 1.997 2.016 2.001 2.002 1.996 1.97
Pt-N(2) 2.040 2.070 2.050 2.074 2.037 2.071 2.02
Pt-C(1) 1.970 2.003 1.973 2.008 1.966 2.000 1.98
N(1)-C(3) 1.377 1.361 1.376 1.361 1.378 1.361 1.34
C(1)-C(2) 1.255 1.213 1.257 1.213 1.261 1.216 1.19

Bond Angle [deg]
N(1)-Pt-N(2) 81.1 80.5 80.9 80.4 81.2 80.3 80.8

a From ref 5a.
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to the experimental values of 80.8°,5a indicating that the
coordination geometry of Pt(II) exhibits nearly square planar
conformation. The geometries of terpyridyl Pt(II) for1-3 are
quite insensitive to the R groups (H, CH2OH, and C6H5) on
acetylide ligand, just as observed in the experiments. For 1-3,
the calculated Pt-N(1) and Pt-N(2) bond lengths range from
2.00 to 2.05 Å corresponding to the experimental values from
1.97 to 2.02 Å, respectively.5a The distance of N(1)-C(3) for
1-3 is ca. 1.36 Å and is much shorter than a normal C-N
single bond length of 1.48 Å, indicating that there are some
delocalization of the lone pairs of the central amine nitrogens
into the pyridine rings. On the basis of the optimized ground-
state structures mentioned above, the electronic structures related
to absorptions are carried out by using the TD-DFT method,
and the PCM model is combined to reveal the spectroscopic
properties for1-3 in solution. In the calculations, the single
molecular model is adopted to simulate the spectroscopic
properties in dilute solution. It has been proved that the
absorptions of the [Pt(trpy)CtCR]+ complexes obey Beer’s law
in the concentration range of 10-5-10-2 mol dm-3 in
dimethylformamide.5a It indicates that there is a little aggregation
for the complexes in solution. The calculated absorptions
associated with their excitation energies and oscillator strengths
as well as the assignments of the transitions are available in
Table 2.

To clearly discuss the absorption spectra in solution, the
partial frontier orbitals compositions of1 are listed in Table 3.
With respect to1, as seen in Table 3, occupied MOs are almost
filled with substantial metal Pt(II) atom and virtual MOs are
localized on the terpyridyl ligand mainly. Four low-lying dipole-
allowed absorptions calculated at 465, 433, 411, and 330 nm
are attributed to the LLCT/MLCT, MLCT, LLCT/MLCT, and
π f π*/MLCT transitions, respectively.

With respect to the 465 nm lowest-energy absorption, the
8b1 f 9b1 excitation corresponds to the largest CI coefficient
of 0.68. As seen in Table 3, 8b1 MO is the highest occupied
MO (HOMO, π*(Pt-CtC)) composed of about 43% metal
Pt(II) and 47% acetylide ligand, while the 9b1 MO, the LUMO,
lying above the HOMO by about 3.25 eV, is mainly localized
on the terpyridyl ligand with the 93% composition. Therefore,
the lowest-energy absorption with oscillator strength of 0.0694
arising from the X1A1 f A1A1 transition is assigned as the
CtC + Pt(II) f trpy charge transfer (LLCT/MLCT). For the
433 nm absorption from the X1A1 f B1B1 transition, the 36a1
f 9b1 excitation corresponding to the largest CI coefficient of
0.70 dominates the absorption. As indicated in Table 3, 36a1

MO, ∼0.55 eV lower than 8b1(HOMO), is pure metal-based
involving substantial Pt(II) dz2 (81%) and some 6s atomic orbital
(14%). Thus, the absorption at 433 nm is attributed to the Pt-
(II) atom (5dz2 + 6s)f π* (trpy) charge transfer (pure-MLCT)
transition. With regard to the C1B2 excited state, the 411 nm
absorption is mainly contributed from 8b1 f 6a2 excitation (CI
coefficient) 0.70). As presented in above sections, the most
virtual MOs are essentially trpy-based. From Table 3, the 6a2

MO (LUMO+1) is located on the terpyridyl ligand 98%. We
can attribute the lower-lying absorption at 411 nm to the LLCT/
MLCT character which is similar to the lowest-energy absorp-
tion in nature. In the four low-lying absorptions, the 330 nm
absorption with the largest oscillator strength of 0.36 is expected
as one of the most easily observed absorption in experiments.
In the X1A1 f D1B2 transition, two excitations contribute to
the transition. One is 4a2 f 9b1 excitation corresponding to
the CI coefficient of 0.66, the other is 5a2 f 10b1 excitation
corresponding to the CI coefficient of 0.15. Owing to the large
difference of CI coefficient between them, the assignment of
the highest-energy absorption should correspond to the 4a2f9b1

TABLE 2: Absorptions of [Pt(trpy)C tCH] +- (1), [Pt(trpy)C tCCH2OH] + (2), and [Pt(trpy)CtCC6H5]+ (3) in Dichloromethane
under TD-DFT (B3LYP) Calculations, Together with Experimental Values

transition config (CI coeff) E, nm (eV) oscillator assignment

1 X1A1 f A1A1 8b1 f 9b1 (0.68) 465 (2.67) 0.069 LLCT/MLCT
X1A1 f B1B1 36a1 f 9b1 (0.70) 433 (2.87) 0.0031 MLCT
X1A1 f C1B2 8b1 f 6a2 (0.70) 411 (3.02) 0.021 LLCT/MLCT
X1A1 f D1B2 4a2 f 9b1 (0.66) 330 (3.76) 0.36 π f π*/MLCT

2 X1A′ f A1A′ 50a′ f 51a′ (0.67) 527 (2.35) 0.081 LLCT/MLCT
X1A′ f B1A′′ 50a′ f 35a′′ (0.70) 473 (2.62) 0.017 LLCT/MLCT
X1A′ f C1A′ 49a′ f 51a′ (0.70) 427 (2.91) 0.0020 MLCT
X1A′ f D1A′′ 31a′′ f 51a′ (0.64) 327 (3.80) 0.22 π f π*/MLCT

3 X1A1 f A1A1 10b1 f 11b1 (0.68) 586 (2.12) 0.19 LLCT/MLCT
X1A1 f B1B2 10b1 f 7a2 (0.70) 498 (2.50) 0.019 LLCT/MLCT
X1A1 f C1B1 46a1 f 11b1 (0.70) 432 (2.88) 0.0029 MLCT
X1A1 f D1B2 4a2 f 11b1 (0.66) 332 (3.74) 0.30 π f π*/MLCT

a From ref 5a.b From ref 5b.

TABLE 3: Partial Molecular Orbital Compositions in the Ground State for [Pt(trpy)C tCH] + (1) in Dichloromethane under
the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC

11b1 -1.1442 d(Pt)+ π*(trpy) 38.2 52.2 9.5 30.0 dx2-y2

37a1 -1.3796 π*(trpy) 99.3
7a2 -2.1100 π*(trpy) 97.1
10b1 -2.1552 π*(trpy) 99.6
6a2 -3.0801 π*(trpy) 98.0
9b1 -3.4953 π*(trpy) 93.2

HOMO-LUMO Energy Gap
8b1 -6.7447 d(Pt)+ π(CtC) 42.6 10.4 46.8 42.4 dyz

27b2 -6.9830 d(Pt)+ π(CtC) 27.4 18.2 54.2 25.9 dxy

36a1 -7.3066 d(Pt) 94.9 14.3 s 80.6 dz2

5a2 -7.4056 d(Pt)+ π(trpy) 54.8 45.2 54.8 dxz

4a2 -7.8465 d(Pt)+ π(trpy) 22.1 77.9 22.1 dxz

Spectroscopic Properties of [Pt(trpy)CtCR]+ J. Phys. Chem. A, Vol. 109, No. 39, 20058811



excitation. As depicted in Table 3, the 4a2 MO is localized on
terpyridyl ligand (ca. 78%) perturbed by some metal Pt(II)
contribution (ca. 22%), so the 330 nm absorption is assigned
to theπ f π* transition within the terpyridyl ligand and mixed
with some MLCT characters. To intuitively understand the
absorption of1 in solution, we display the electron density
diagrams in Figure 2, in which four single electron excitations
corresponding to the maximal CI coefficients are involved. With
respect to the 433 nm absorptions, the electron density diagram
shows that the charges transfer from Pt(II) atom toπ*-bonding
located on the terpyridyl ligand, which are in accordance to the
MLCT transition.

In the virtual MOs, as listed in Table 3, 11b1 MO, lying above
9b1 MO (LUMO) about 2.35 eV, features ca. 30% Pt(II) dx2-y2

atomic orbital. As mentioned above, 36a1 MO is a pure metal-
based orbital (dz2 + s). Therefore, the separated d-d transition
energy is about 6.1 eV, far larger than that of charge transfer,
indicating that the d-d transition does not easily occur in
absorption. Moreover, the introduction of the substituted acetyl-

ide group succeeds in separating the energy gap between d-d
and charge-transfer transitions.

It is analogous to1, to analyze the absorption spectra of2
and 3, we list their corresponding compositions of frontier
orbitals in Tables 4 and 5. As seen in the tables, unoccupied
MOs are dominated byπ antibonding located upon the terpyridyl
ligand, while occupied MOs are localized on the Pt(II) atom,
acetylide ligand and its substituents. The introduction of
electron-donating substituents into the acetylide ligand results
in the relevant change of the compositions of occupied frontier
orbitals for2 and3.

With respect to2 and 3, the two lowest-lying absorptions
are calculated at 527 and 473 nm for2 and 586 and 498 nm for
3, respectively. From the tables, the 50a′ MO (HOMO-1) of 2
involves 30% Pt(II), 52% CtC, and 10% CH2OH group, while
the 10b1 MO (HOMO) of 3 results from 20% Pt(II), 36%
CtC, and 38% C6H5, respectively. The LUMO and LUMO+1
of 2 and3 are a set of quasi degenerate orbitals and localized
on the terpyridine above 90%. Thus, the two lowest-lying

Figure 2. Single electron transitions with the maximum CI coefficients under TD-DFT calculations for the 433, 411, and 330 nm absorptions of
[Pt(trpy)CtCH]+ (1) in dichloromethane.

TABLE 4: Partial Molecular Orbital Compositions in the Ground State for [Pt(trpy)C tCCH2OH] + (2) in Dichloromethane
under the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC CH2OH

54a′ -2.1394 d(Pt)+ π*(trpy) 37.9 54.6 7.2 31.4 dx2-y2

53a′ -2.4202 π*(trpy) 99.3
36a′′ -3.1078 π*(trpy) 97.1
52a′ -3.1576 π*(trpy) 99.6
35a′′ -4.1332 π*(trpy) 98.1
51a′ -4.4935 π*(trpy) 92.3

HOMO-LUMO Energy Gap
34a′′ -7.2492 d(Pt)+ π(CtC) + σ(CH2OH) 15.8 12.3 41.8 30.0 14.5 dxy

50a′ -7.3425 d(Pt)+ π(CtC) + σ(CH2OH) 29.8 8.0 52.1 10.0 29.2 dyz

33a′′ -7.9746 π(CtC) + σ(CH2OH) 6.6 4.8 16.0 72.6 6.1 dxy

49a′ -8.3469 d(Pt) 94.7 12.4 s 82.3dz2

32a′′ -8.4097 d(Pt)+ π(trpy) 59.5 40.5 59.5 dzz

31a′′ -8.8691 d(Pt)+ π(trpy) 17.4 82.6 17.4xz
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absorptions for2 and3 are all assigned to ligand (CtCR) f
ligand (trpy) charge transfer (LLCT) mixed some metal (Pt)f
ligand (trpy) charge transfer (MLCT). For the lowest-energy
586 nm absorption of3, the oscillator strength of 0.19 is far
larger than that of corresponding lowest-energy absorption of
1 and2. The phenomenon can be attributed to the presence of
the strong resonance forms when strong electron-donating
phenyl group are attached at the acetylide ligand.

For the C1A′ and C1B1 excited states of2 and 3, the 49a′
and 46a1 MOs are metal-based orbitals and contributed by
significant Pt(II) dz2 atomic orbital about 95%. Associated with
the electronic density diagrams depicted in Figures S1 and S2,
the 427 and 432 nm absorptions with small oscillator strength,
originating from the X1A′fC1A′ and X1A1fC1B1 transitions,
respectively, are assigned to the metal (dPt) f ligand (trpy)
charge transfer (MLCT) transition like that in1. Additionally,
because the X1A′ f D1A′′ and X1A1 f D1B2 transitions for2
and 3 are mainly occurring on the terpyridyl ligand, the 327
and 332 nm absorptions with the largest oscillator strength of
about 0.2 and 0.3 for2 and 3, respectively, are due to the
characterizedπ f π* transition, being analogous to the high-
lying absorptions of1 which we have discussed above.

With reference to the previous experimental assignments,4

the absorption bands at 300-350 nm probably arise from the
intraligand (IL) transition of the trpy ligands as well as the
charge-transfer transition involved in the Pt-CtCR moieties,
while the absorption bands at ca. 420-430 nm are assigned as
the MLCT transition. Additionally, both of the absorption bands
are insensitive to the variation of the substituted acetylide
ligands. As mentioned above, our calculated excitation energies
and assignments of the last two absorption bands are well
consistent with the experimental description. However, there is
a slight difference in the excitation energy of lowest-energy
absorption bands. Recently, Guo et al. investigated a series of
platinum terpyridyl acetylide complexes and found a low-lying
charge-transfer band at 460-540 nm with weak intensity, which
is sensitive to the substituted acetylide ligands and is assigned
to the Pt/acetylidef trpy charge-transfer transition. In our
calculation, we obtain the lowest-energy absorptions at 465-
580 nm for1-3 that are sensitive to the substituted acetylide
ligand and should be responsible for the experimental observed.
The calculated maxima of lowest-energy absorption bands are
red-shifted compared to those in experiment; this is probably
due to insufficient flexibility in the TD-DFT method to describe
states with large charge transfer.20 To check whether the B3LYP
functional is appropriate to our calculations, we again calculate

the absorption spectra by using different functionals in the TD-
DFT method. The calculated transitions together with excitation
energies and oscillator strengths are listed in Table S1 (see
Supporting Information). As seen in Table S1, the discrepancies
of the excitation energies calculated by B3LYP, B3P86, and
B3PW91 are less than 0.03 eV and by BP86 and BPW91 as
well as SVWN less than 0.04 eV, respectively. However, the
excitation energies of the first two absorption bands for1-3
are higher about 0.5-0.7 eV by hybrid functionals, i.e., B3LYP,
B3P86, and B3PW91, than by BP86 and BPW91 as well as
SVWN functionals. On the basis of the experimental values,
the excitation energies related to absorption computed by BP86,
BPW91, and SVWN functionals even lower than the corre-
sponding phosphorescent emissive energies. Since the emissive
energy must be lower than the absorption energy, it is obvious
that the three functionals are not appropriate to describe the
behaviors of the absorption transitions with large charge transfer.
The calculated third absorption band with MLCT character again
proves above viewpoint. The computed excitation energies at
BP86, BPW91, and SVWN functionals level are about 0.5-
0.7 eV lower than those in B3LYP, B3P86, and B3PW91
functionals, but the values calculated by B3LYP, B3P86, and
B3PW91 functionals are well in accordance with the experi-
ments. That is to say that the results obtained by B3LYP, B3P86,
and B3PW91 functionals are correspondingly reliable. In our
calculation, although the excitation energies related to the
lowest-lying absorption bands are higher than the corresponding
experimental values, overall, the experimental spectra are well
reproduced by the B3LYP functional, in particular for the
absorptions with theπ f π* and MLCT characters. It has been
suggested that the excitation energy in absorption spectra is
sensitive to the selection of functional. The calculations indicate
that the exchange-correlation functionals (B3LYP, B3P86, and
B3PW91) involving Becke three parameter hybrid functionals
are appropriate for the terpyridyl Pt(II) acetylide complexes to
get the relatively satisfactory results for the absorption spectra.

III.B. Substituent Effects on Absorption Spectra.To probe
the nature of the substituent effects on absorption spectra, on
the basis of the calculated each excited states withf > 0, we
simulate the absorption spectra for1-3 with Gaussian curves.
The fit absorption curves are depicted in wavelength vs oscillator
strength in Figure 3. The full width at half-maximum of each
Gaussian curve is evaluated to be 10 nm based on the narrowest
peak of absorption for [Pt(4-Ph-T)Cl]+ in DCM at room
temperature.6a Because the narrowest peak of absorption for
terpyridyl Pt(II) complexes always arises from theπ f π*

TABLE 5: Partial Molecular Orbital Compositions in the Ground State for [Pt(trpy)C tCC6H5]+ (3) in Dichloromethane under
the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC C6H5

47a1 -1.1287 d(Pt)+ π*(trpy) 38.4 54.2 6.7 31.2dx2-y2

14b1 -1.1581 π*(-C6H5) 6.7 7.2 12.1 73.9
13b1 -1.3840 π*(trpy) 97.5
8a2 -2.1149 π*(trpy) 97.1
12b1 -2.1617 π*(trpy) 99.6
7a2 -3.0812 π*(trpy) 98.0
11b1 -3.5051 π*(trpy) 91.6

HOMO-LUMO Energy Gap
10b1 -6.0913 d(Pt)+ π(CtC) + π(C6H5) 19.9 6.3 35.7 38.1 19.3 dyz

34b2 -6.9039 d(Pt)+ π(CtC) + π(C6H5) 23.7 16.2 49.2 10.6 22.5 dxy

6a2 -7.1898 π(C6H5) 100.0
46a1 -7.3243 d(Pt) 94.8 14.3 s 80.5dz2

5a2 -7.4097 d(Pt)+ π(trpy) 53.7 46.3 53.7 dxz

9b1 -7.7882 d(Pt)+ π(trpy) + π(C6H5) 40.8 16.7 37.1 40.8 dyz

4a2 -7.8514 d(Pt)+ π(trpy) 23.2 76.8 23.2 dxz
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involved in the terpyridine, we think that the selection of the
full width is appropriate for1-3.

As illustrated in Figure 3, the colored excited states cor-
respond to the character of LLCT/MLCT (red), MLCT (blue)
and π f π*/MLCT (green), respectively. The shapes of the
absorption spectra keep identical by and large for1-3, except
for the first two low-lying absorptions, which arise from the
LLCT/MLCT transition, being red-shifted as the electron-
donating ability of the substituents increase. The evidence

strongly suggests that only the LLCT/LLCT transitions are
sensitive to substituents on acetylide ligand, while the transitions
originating from pure-MLCT andπ f π* are not affected by
the substituents basically.

To further shed light on how substituents affect the electronic
transitions, the orbital energy levels for1-3 are illustrated in
Figure 4. Through the diagrams of energy level, we can
understand the above question why LLCT/MLCT transitions
are sensitive to the variation of substituents. If we assume that
the LUMOs have the identical orbital energy levels for1-3,
then the replacement between CH2OH and C6H5 groups and
hydrogen atom raises the energy level of HOMOs. The
excitation energies of lowest-lying absorptions which arise from
the LLCT/MLCT transitions are 3.87 and 3.25 eV for1, 3.21
and 2.85 eV for2, and 3.01 and 2.59 eV for3, respectively.
The regressive trend of the excitation energies on going from1
to 3 is in accordance with the peaks of the absorptions being
red-shifted as the ability of electron-donating of substituents
increases. The excitation energies of pure-MLCT transitions are
3.81, 3.85, and 3.82 eV and those ofπ f π* transitions are
4.35, 4.38, and 4.35 eV for1-3, respectively. They are
responsible for the unchangeable trend of low-lying absorption.

In addition, we have mentioned previously that the d-d
transition is the intrinsic reason for the emissionless in solution.
Effectively separating the energy gap between the d-d and
HOMO-LUMO through varying the substituents can offer a
useful guide to synthesize the efficient luminescent materials.
The energy gaps between them are increased in the order 2.9
(1) < 3.45 (2) < 3.61 (3) eV according to the electron-donating
ability of H < CH2OH < C6H5, indicating that3 is the best
candidate for luminescent materials among the three complexes.

III.C. The Lowest-Energy Excited-State Structures and
Emission Spectra in the CH2Cl2 Solution. On the basis of
the optimized ground-state structures, the lowest-energy excited-
state structures of1-3 are fully optimized out by the CIS
method. Upon excitation for1-3, the structures still keep
coplanar and bear similarity with respect to those of the ground
states. The main geometry parameters have a minor change
compared to those of ground states as shown in Table 1. A
general elongations of bond lengths about 1.5% between Pt(II)
and ligands for1-3 are observed except for Pt-N(1) bond
lengths, which are shortened by about 0.5%. The variation of
bond lengths corresponds to the electron being promoted from
the Pt(II) atom to terpyridyl and acetylide ligands and to the
interaction between the Pt(II) atom and ligands being weak upon
excitation. The evidence suggests that3LLCT/3MLCT transition
should be responsible for the lowest-energy emission. For1,
the Pt-N(2) and Pt-C bond lengths slightly elongate ca. 0.03
Å compared with those in the ground state; instead, the Pt-
N(1) bond length is shortened slightly. The analogous trends
are also observed in2 and3.

In view of obtaining the convincible emissive energies, based
on the excited-state structures optimized by the CIS method,
the emission spectra of1-3 in dichloromethane are calculated
by TD-DFT approach at B3LYP level associated with PCM
model. The corresponding emissions for1-3 are listed in Table
6 associated with the emissive energies and transition assign-
ments.5a The calculated lowest-energy phosphorescence in the
dichloromethane solution for1-3 is at 513, 584, and 614 nm,
respectively. The phosphorescent emissions are assigned to the
3LLCT/3MLCT characters. We have presented in my above
discussions that the lower-energy absorptions calculated at 465,
527, and 586 nm also arise from the LLCT/MLCT transition.
Since the lowest-energy emissions and absorptions have the

Figure 3. Simulated absorption spectra with Gaussian curve based on
the data calculated under the TD-DFT method in dichloromethane for
1-3. (Excited states listed in Table 2 are colored. Blue lines:π f
π*/MLCT transition. Green line: MLCT transition. Red line: LLCT/
MLCT transition.)
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same symmetry and transition character for each complex, the
phosphorescent emissions should come from the lowest-energy
absorptions. The Stokes shifts between the lowest-energy
absorptions and emissions are 0.25 (1), 0.22 (2), and 0.10 eV
(3), respectively. The modest shifts are in agreement with the
little change between the ground- and excited-state structures.

The 513 nm emission of1 is assigned to the phosphorescent
emission arising from3A1 f 1A1 transition. Table 7 shows the
partial molecular orbital compositions of1 for further under-
standing the emissive state. As seen from Table 7, the unoc-
cupied MOs ranging from LUMO to LUMO+3 are significantly
localized on the terpyridyl ligand above 90% compositions,
whereas the LUMO+4 (37a1) involves about 40% metal Pt(II)
components. The analogous trend has been observed from the
absorption spectrum for1. All occupied MOs can be assigned
as the participation of Pt(II) atomic orbital. The 8b1 (HOMO)
and 27b2 MOs are composed of metal Pt(II), acetylide, and some

terpyridyl ligands. The former is comprised of ca. 47% dyz (Pt),
42%π-bonding (CtC), and 11%π-conjugation (tryp) and the
latter is mainly contributed from ca. 29% dxy atomic orbital
(Pt(II)), 53%π-bonding (CtC), and 17%π-conjugation (trpy),
respectively. The 36a1 and 37a1 MOs have the largest metal
compositions in occupied and unoccupied orbitals, respectively.
The 36a1 MO, lying at -7.2 eV, can be characterized as 95%
metal Pt(II) (5dz2 + 6s), whereas 37a1 MO, higher than 36a1
about 5.9 eV, contains ca. Pt(II) 32% dx2-y2 atomic orbital.
Because such a large separated energy (5.9 eV) is so much larger
than the3LLCT/3MLCT excitation energy (3.4 eV) that phos-
phorescence with3d-d character for1 is not available. It has
been suggested that the deactivation in thermally activated decay
is feasible via 3d-d excited states.8a According to above
analysis, the 513 nm phosphorescence is attributed to the3-
LLCT (CtC r trpy*) and 3MLCT (5dyz r trpy*) mixed
characters. The electron density diagram for1 is shown in Figure

Figure 4. Diagrams of energy levels of orbitals involved in the absorptions for [Pt(trpy)CtCH]+ (1), [Pt(trpy)CtCCH2OH]+ (2), and [Pt(trpy)Ct
CC6H5]+ (3) under TD-DFT calculations.

TABLE 6: Phosphorescent Emissions of [Pt(trpy)CtCH] +- (1), [Pt(trpy)C tCCH2OH] + (2), and [Pt(trpy)CtCC6H5]+ (3) in
Dichloromethane under the TD-DFT(B3LYP) Calculations, Together with Experimental Values

transition config. (CI coeff) tran. energy in nm (eV) transition character λem in expt (character)

1 3A1 f 1A1 9b1 f 8b1 (0.70) 513 (2.42) 3LLCT/3MLCT
2 3A′ f 1A′ 51a′ f 50a′ (0.71) 584 (2.13) 3LLCT/3MLCT 552/(3LLCT/3MLCT)b

3 3A1 f 1A1 11b1 f 10b1 (0.70) 614 (2.02) 3LLCT/3MLCT 630/(3LLCT/3MLCT)a

618/(3LLCT/3MLCT)b

a From ref 5a.b From ref 5b.

TABLE 7: Partial Molecular Orbital Contributions (%) in the Lowest-Energy 3A1 Excited-States for [Pt(trpy)CtCH] + (1) in
Dichloromethane under the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC

37a1 -1.3293 d(Pt)+ π*(trpy) 39.4 48.7 9.7 31.5 dx2-y2

7a2 -1.9824 π*(trpy) 97.6
10b1 -2.0210 π*(trpy) 99.6
6a2 -2.9040 π*(trpy) 98.4
9b1 -3.3789 π*(trpy) 93.8

HOMO-LUMO Energy Gap
8b1 -6.8244 d(Pt)+ π(CtC) 47.2 11.3 41.7 46.9 dyz

27b2 -7.0965 d(Pt)+ π(CtC) 29.5 17.1 52.8 29.0 dxy

36a1 -7.2255 d(Pt) 94.9 14 s 80.7dz2

5a2 -7.4723 d(Pt)+ π(trpy) 63.9 36.0 63.9 dyz

4a2 -7.9376 d(Pt)+ π(trpy) 16.0 84.0 16.0 dxz

7b1 -8.4410 d(Pt)+ π(trpy) + π(CtC) 20.8 54.9 24.4 20.5 dyz

6b1 -8.7469 d(Pt)+ π(trpy) + π(CtC) 19.5 70.4 8.3 19.4 dxz
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5. With the aid of the diagram, we can intuitively understand
the emissive process from the3A1 f 1A1 transition. As
illustrated in the figure, the 9b1 f 8b1 excitation corresponds
to the largest CI coefficient of 0.70. The electrons in 9b1

(LUMO) are located on the terpyridine but transfers to the

Pt(II) atom and acetylide ligand in 8b1 MO (HOMO). In
addition, the 9b1 f 7b1 excitation, corresponding to the CI
coefficient of 0.17, and 6a2 f 4a2 excitation, corresponding to
the CI coefficients of-0.13, involve not only3MLCT character
but someπ f π* contribution. However, in the presence of
some interferential excitations, the assignment of 513 nm
phosphorescent emission should be in line with the excitation
with the largest CI coefficient.

Similar to the listing for 1, the partial frontier orbital
compositions of 2 and 3 are listed in Tables 8 and 9,
respectively. As depicted in the tables, the unoccupied MOs of
2 and 3 are still localized on the terpyridine. However, the
introduction of CH2OH and C6H5 groups into the acetylide
ligand results in difference in compositions of occupied orbitals
on going from1 to 2 and3. In particular, in HOMO and HOMO-
1, except for the contributions from metal Pt(II) and acetylide
ligand, the CH2OH and C6H5 groups are mixed into the HOMO
and HOMO-1 and the participation of Pt(II) is decreased sharply
in 2 and 3 compared with that in1. Therefore, the 584 nm
phosphorescence for2, arising from the3A′ f 1A′ transition,
and 614 nm phosphorescence for3, originating from the3A1

f 1A1 transition, are attributed to trpyf Pt/CtCR (R) CH2-
OH, C6H5) charge transfer (3LLCT/3MLCT) transition es-
sentially. Yang et al. have detected the lowest-energy 630 nm
phosphorescence of [Pt(trpy)CtCC6H5]+ in the CH2Cl2 solution
at room-temperature. Additionally Yam et al. obtained the
lowest-energy 552 nm phosphorescence of [Pt(trpy)CtCCH2-
OH]+ in the CH2Cl2 solution at room-temperature. They
considered that3MLCT/3LLCT transition is responsible for the

TABLE 8: Partial Molecular Orbital Contributions (%) in the Lowest-Energy 3A1 Excited-States for [Pt(trpy)CtCH2OH] + (2)
in Dichloromethane under the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC CH2OH

54a′ -2.2730 d(Pt)+ π*(trpy) 39.3 54.0 6.4 32.2dx2-y2

53a′ -2.3609 π*(trpy) 99.3
36a′′ -2.9895 π*(trpy) 97.5
52a′ -3.0365 π*(trpy) 99.6
35a′′ -3.9642 π*(trpy) 98.5
51a′ -4.3939 π*(trpy) 92.7

HOMO-LUMO Energy Gap
34a′′ -7.2603 d(Pt)+ π(CtC) + σ(CH2OH) 13.8 11.8 36.4 37.9 12.5 dxy

50a′ -7.4206 d(Pt)+ π(CtC) + σ(CH2OH) 31.5 8.3 50.2 9.5 31.4 dyz

33a′′ -8.0193 π(CtC) + σ(CH2OH) 9.4 7.0 20.1 63.5 8.7 dxy

49a′ -8.2794 d(Pt) 94.9 12.5 s 82.4dz2

32a′′ -8.4685 d(Pt)+ π(trpy) 67.3 32.7 67.3 dxz

31a′′ -8.9760 d(Pt)+ π(trpy) 12.1 87.9 12.1 dxz

48a′ -9.1434 d(Pt)+ π(trpy) + σ(CH2OH) 42.3 26.4 13.7 17.5 42.1 dyz

TABLE 9: Partial Molecular Orbital Contributions (%) in the Lowest-Energy 3A1 Excited-States for [Pt(trpy)CtCC6H5]+ (3)
in Dichloromethane under the TD-DFT Calculations

contribution (%) Pt components (%)

orbital energy (eV) bond type Pt trpy CtC C6H5

47a1 -1.3511 d(Pt)+ π*(trpy) 40.3 53.5 5.7 32.5 dx2-y2

8a2 -1.9854 π*(trpy) 97.6
12b1 -2.0186 π*(trpy) 99.6
7a2 -2.9089 π*(trpy) 98.4
11b1 -3.3862 π*(trpy) 92.3

HOMO-LUMO Energy Gap
10b1 -6.1634 d(Pt)+ π(CtC) + π(C6H5) 20.7 5.9 34.8 38.6 20.2 dyz

34b2 -6.9939 d(Pt)+ π(trpy) + π(C6H5) 25.0 18.1 46.1 10.5 23.7 dxy

46a1 -7.2358 d(Pt) 94.9 14.3 s 80.6 dz2

6a2 -7.2500 π(C6H5) 100.0
5a2 -7.4786 d(Pt)+ π(trpy) 63.0 37.0 63.0 dxz

9b1 -7.7670 d(Pt)+ π(trpy) + π(C6H5) 47.2 17.4 31.8 47.2 dyz

4a2 -7.9379 d(Pt)+ π(trpy) 17.1 82.9 17.1 dxz

Figure 5. Single electron transition with|CI coefficients| > 0.1 under
TD-DFT calculation for the 513 nm emission of [Pt(trpy)CtCH]+ (1)
in dichloromethane.
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lowest energy phosphorescence for the two complexes whatever
solutions are used.

The electron density diagrams of emissions for2 and3 are
illustrated in Figure S3 and S4 to help us rationalizing the
transitions better. Diagrams of orbital energy levels of1-3 are
depicted in Figure 6 to describe the substituent effects on
phosphorescent emission. The diagrams list the excited states
corresponding to CI coefficient> 0.1 in the configuration wave
function. As expected from the diagrams, HOMO-LUMO
energy gaps for1-3 decrease in the order 3.45 (1) > 2.87 (2)
> 2.78 (3) eV, which are consistent with the ability of electron-
donating of the group C6H5 > CH2OH > H. Moreover, the
introduction of substituents causes a red shift of phosphorescent
emission on going from1-3. From the above analysis, it can
be anticipated when the electron-donating ability of ligand on
acetylide is stronger than that of C6H5 group, the excitation
energy related to emission will be decreased further.

IV. Conclusions

The MP2 and CIS methods are carried out to optimize the
ground- and excited-state structures of1-3. On the basis of
their optimized structures, the absorption and emission spectra
in the CH2Cl2 solution are obtained by the TD-DFT method
associated with the PCM model, respectively. Taking into
account the variation of substituents on acetylide ligand, the
following conclusions can be drawn.

Complexes1-3 have similar structures in both the ground
and excited states with the variation of the substituents on
acetylide ligand. The minor change of structures between the
ground and excited states results in the little stokes shift between
the lowest-energy absorption and emission for1-3.

The lowest-energy absorptions are attributed to the LLCT/
MLCT transitions, whereas the lowest-energy emissions are
assigned as a3LLCT/3MLCT origin. When the electron-donating
substituents are introduced into the acetylide ligand, the lowest-
lying absorption and emission are red-shifted in the order1 <
2 < 3.

The absorption spectra in dichloromethane for1-3 are
simulated with the Gaussian curves, in which the maxima of

the first two lowest-energy absorptions are red-shifted as the
ability of electron-donating groups increases; however, those
of other absorption bands only slightly change.

In the competition of d-d and charger transfer transitions,
the energy gaps between the d-d and charger transfer are
separated largely as the introduction of electron-donating
substituents into acetylide ligand.

By comparison of the results obtained by using different
functionals in TD-DFT method, the calculations indicate that
the exchange-correlation functionals (B3LYP, B3P86, and
B3PW91) involving Becke three parameter hybrid functionals
are appropriate for the terpyridyl Pt(II) acetylide complexes to
get the relatively satisfactory results for the absorption spectra.
The underestimated excitation energies of lowest-lying absorp-
tion bands are probably due to insufficient flexibility in TD-
DFT method to describe states with large charge transfer. A
similar conclusion has been presented by Roos and co-workers.20
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Trans.2003, 4331. (f) Emmert, L. A.; Choi, W.; Marshall, J. A.; Yang, J.;
Meyer, L. A.; Brozik, J. A.J. Phys.Chem. A. 2003, 107, 11340. (g)
Schindler, J. W.; Fukuda, R. C.; Adamson, A. W.J. Am. Chem. Soc.1982,
104, 3596.

Figure 6. Diagrams of energy levels of orbitals involved in the phosphorescent emissions for [Pt(trpy)CtCH]+ (1), [Pt(trpy)CtCCH2OH]+ (2),
and [Pt(trpy)CtCC6H5]+ (3) under TD-DFT calculations.

Spectroscopic Properties of [Pt(trpy)CtCR]+ J. Phys. Chem. A, Vol. 109, No. 39, 20058817



(2) (a) Lu, W.; Michael, C. W. C.; Cheung, K. K.; Che, C. M.
Organometallics2001, 20, 2477 (b) Baralt, E.; Boudreaux, E. A.; Demas,
J. N.; Lenhert, P, G.; Lukehart, C. M.; Mcphail, A. T.; McPhail, D. R.;
Myers, J. B., Jr., Sacksteder, L.; Truela, W. R.Organometallics1989, 8,
2417. (c) Sonogashira, K.; Takahashi, S.; Hagihara, N.Macromolecules
1977, 10, 879. (d) Lechner, A.; Gliemann, G.J. Am. Chem. Soc.1989,
111, 7469. (e) Preston, D. M.; Giintner, W.; Lechner, A.; Gliemann, G.;
Zink, J. I. J. Am. Chem. Soc.1988, 110, 5628. (f) Rice, S. F.; Gray, H. B.
J. Am. Chem. Soc. 1983, 105, 4571. (g) Che, C. M.; Butler, L. G.; Gray, H.
B. J. Am. Chem. Soc.1981, 10, 3, 7796.

(3) (a) Miskowski, V. M.; Houlding, V. H.Inorg. Chem.1991, 30,
4446. (b) Miskowski, V. M.; Houlding, V. H.Inorg. Chem. 1989, 28, 1529.
(c) Bailey, J. A.; Hill, M. G.; Marsh, R. E.; Miskowski, V. M.,; Schaefer,
W. P.; Gray, H. B.Inorg. Chem.1995, 34, 4591. (d) Isci, H.; Mason, W.
R. Inorg. Chem.1975, 14, 905. (e) Houlding, V. H.; Miskowski, V. M.
Coord. Chem. ReV. 1991, 91, 145. (f) Lai, S. W.; Chan, M. C. W.; Cheung,
K. K.; Che, C. M.Organometallics1999, 18, 3327. (g) Yip, J. H. K.; Vittal,
J. J.Inorg. Chem.2000, 39, 3537. (h) Yang, Q. Z.; Wu, L. Z.; Zhang, H.;
Chen, B.; Wu, Z. X.; Zhang. L. P.; Tung, C. H.Inorg. Chem.2004, 43,
5195. (i) Lu. W.; Mi, B. X.; Chan, C. W.; Hui, Z.; Che, C. M.; Zhu, N. Y.;
Lee, S. T.J. Am. Chem. Soc.2004, 126, 4958. (j) Willison, S. A.; Jude, H.;
Antonelli, R. M.; Rennekamp, J. M.; Eckert, N. A.; Bauer, J. A. K.; Connick,
W. B. Inorg. Chem.2004, 43, 2548. (k) Miskowski, V. M.; Houlding, V.
H. Inorg. Chem.1989, 28, 1529. (l) Bailey, J. A.; Miskowski, V. M.; Gray,
H. B. Inorg. Chem.1993, 32, 369. (m) Miskowski, V. M.; Houlding, V.
H.; Che, C. M.; Wang Yu.Inorg. Chem. 1993, 32, 2518.

(4) (a) Yam, V. W. W.; Tang, R. P. L.; Wong, K. M. C.; Cheung, K.
K. Organometallics2001, 20, 4476. (b) Yang, Q. Z.; Wu, L. Z.; Wu, Z.
X.; Zhang, L. P.; Tung, C. H.Inorg. Chem.2002, 41, 5653. (c) Guo, F. Q.;
Sun, W. F.; Liu, Y.; Schanze, K.2005, 44, 4055.

(5) Aldridge, T. K.; Elizabeth, M. S.; McMillin, D. R.Inorg. Chem.
1994, 33, 722.

(6) (a) Michalec, J. F.; Bejune, S. A.; Cuttell, D. G.; Summerton, G.
C.; Gertenbach, J. A.; John, S. F.; Raymond, J. H.; McMillin, D. R.Inorg.
Chem.2001, 40, 2193. (b) Bu¨chner, R.; Cunningham, C. T.; Field, J. S.;
Haines, R. J.; McMillin, D. R.; Summerton, G. C.J. Chem. Soc., Dalton
Trans.1999, 711. (c) Michalec, J. F.; Bejune, S. A.; McMillin, D. R.Inorg.
Chem.2000, 39, 2708. (d) Crites, D. K.; Cunningham, C. T.; McMillin, D.
R. Inorg. Chem. Acta.1998, 273, 346.

(7) Lai, S. W.; Chan, M. C. W.; Cheung, K. K.; Che, C. M.Inorg.
Chem.1999, 38, 4262.

(8) Yip, H. K.; Cheng, L. K.; Cheung, K. K.; Che, C. M.J. Chem.
Soc., Dalton Trans.1993, 2993.
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