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Abstract 

The half-lantern compound [{Pt(bzq)(μ-C7H4NOS-κN,S)}2] (2) (bzq = 

benzo[h]quinoline, C7H4NOS = 2-mercaptobenzoxazolate) was prepared selectively by 

reaction of equimolar amounts of potassium 2-mercaptobenzoxazolate (KC7H4NOS, 1) 

and [Pt(bzq)(NCMe)2]ClO4. Complex 2 undergoes two-electron oxidation by reaction 

with halogens X2 (X2: Cl2, Br2 or I2) to give the corresponding dihalodiplatinum (III) 

complexes [{Pt(bzq)( -C7H4NOS- N,S)X}2] (X = Cl 3, Br 4, I 5). The X-ray structures 

of 3 - 5 confirm the retention of the half-lantern structure and the shortening of the Pt-Pt 

distance (Pt-Pt = 2.6383(3) Å 3, = 2.6671(9) Å 4, 2.6810(5) Å 5) with respect to that in 

2 (2. 9726(8) Å) because of the Pt-Pt bond formation. The trend of increasing Pt-Pt 

distances is in accordance with the trans-influence of the axial ligand (Cl< Br< I). DFT 
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calculations on complex 2 in CH2Cl2 indicate the lowest energy absorption band to be 

mainly due to singlet metal-metal-to-ligand charge transfer (
1
MMLCT) [d *(Pt-Pt) 

*(bzq)] really affected by the π
…

π contacts in the complex, with just a little ligand-

to-ligand charge transfer/intraligand (L’LCT /IL) character. The triplet 
3
MMLCT 

excited state seems to be the responsible of the structureless red emission of 2 in the 

solid state and in solution at room temperature. The quantum yield (90%) of this red 

emission in toluene solution at room temperature is really high. This fact added to the 

neutral character and the thermal stability of 2 make it a potential compound to be 

incorporated as phosphorescent dopant in multi-layer OLEDs. 

 

Keywords: platinum, half-lantern compound, X-ray study, luminescence, TD-DFT 

calculation, coordination chemistry.
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1. Introduction 

The photoluminescence of Pt
II
 complexes containing di- or tert-dentated polyimines or 

cyclometalated ligands is a well known phenomenon.[1-4] These kinds of complexes 

have been extensively investigated due to their potential applications in the manufacture 

of highly efficient light-emitting devices,[5-8] photosensitizers,[9, 10] 

chemosensors[11] and labeling probes in biological systems,[12, 13] These square-

planar Pt
II
 complexes show a remarkable tendency to self-assemble in the axial 

direction, into dimers, Pt3 structures or one-dimensional (1D) architectures with 

Pt
II
···Pt

II
 and/or π···π interactions as the major forces that determine the supramolecular 

structures.[14-16] As result of Pt···Pt and/or π···π interactions, stacked square-planar 

Pt(II) complexes show very often intense colors and luminescence due to an emission 

from a triplet metal-metal-to-ligand charge transfer (
3
MMLCT) excited state. The 

MMLCT transition involves charge transfer between a filled Pt-Pt antibonding (dσ*) 

orbital and a empty ligand-based π* orbital [dσ*(Pt)2→π*(L)], therefore the energy of 

the 
3
MMLCT excited state strongly depends on the extent of such stacking interactions 

and consequently are very sensitive to circumstances.[14, 17, 18] 

In addition to aggregates of mononuclear complexes, the use of bridging ligands in 

discrete dinuclear or trinuclear complexes allows to adjust the distances and orientation 

among units, which enables the fine tuning of optical properties due to the different 

extent of overlap between the valence dz2 orbitals.[19-23]
 
 For instance, in pyrazolate-

bridged cyclometalated platinum (II) complexes [Pt(C^N)(μ-R2pz)]2 (HC^N = 2-

phenylpyridine (Hppy), R = H, Ph, t-Bu; C^N = 2-(2,4-difluorophenyl)pyridyl, R = H, 

Me, t-Bu )[19, 20]  with a boatlike conformation, the increased steric bulk of the 

substituents in the 3- and 5-positions of the pyrazolate bridges forces the two “(C^N)Pt” 

moieties closer together, decreasing the Pt-Pt distance. As the Pt-Pt distance decreases 
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and the Pt-Pt interactions are enhanced the lowest energy absorption and emission 

bands systematically shift to lower energies as consequence of a change in the emissive 

excited state. Theoretical calculations on complex [{Pt(μ-pz)(bpym)}2]
2+

 (pz = 

pyrazolate, bpym = 2,2’-bipyrimidine) show that a mixed ligand center / metal-to-ligand 

charge transfer (LC/MLCT) excited state is only possible when the Pt-Pt distance is 

long with the MMLCT excited state being the only one present when the Pt-Pt distance 

is shorter than 3 Å.[24] This is the reason why the use of auxiliary ligands, able to act as 

four-bond bridging groups to build rigid metal frameworks with short metal−metal 

distances even in solution, is an appropriate strategy for obtaining stable 
3
MMLCT 

emitters, as the half-lantern type of cyclometalated platinum(II) complexes 

[Pt2(C^N)2(pyt)2] (Hpyt = pyridine-2-thiol , HC^N = 2-phenylpyridine(Hppy), 2-(p-

tolyl)pyridine (Hptpy), 2-(2-thienyl)pyridine (Hthpy), benzo[h]quinoline(Hbzq)).[25, 

26]
 
In the course of our research on luminescent half-lantern Pt(II) complexes aiming to 

get stable 
3
MMLCT emitters, we reported previously the highly luminescent compound 

anti-[{Pt(bzq)(μ-C7H4NS2-κN,S)}2] (Hbzq = benzo[h]quinoline, HC7H4NS2 = 2-

mercaptobenzothiazole) (Φ = 44% in toluene solution, 10
-5 

M, 298 K).[23]
 
Due to the 

contribution of the p orbital of the thiolate fragment to the higher occupied molecular 

orbitals, small changes in the electronic properties of the thiolate bridging ligand could 

lead to variations in the  photophysical properties.[27, 28] To further investigate the 

influence of the thiolate bridge ligands in the structure and photophysical properties of 

half-lantern benzoquinolate platinum (II) complexes we prepared the compound anti-

[{Pt(bzq)(μ-C7H4NOS-κN,S)}2] (HC7H4NOS = 2-mercaptobenzoxazolate). 

Furthermore, the two-electron-oxidized dinuclear Pt(III) complexes [{Pt(bzq)(μ-

C7H4NOS-κN,S)X}2] (X = Cl, Br, I) have been prepared and their X-ray structures 

compared to the 2-mercaptobenzothiazolate derivatives.  During the writing of this 
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manuscript compounds [{Pt(bzq)(μ-C7H4NOS-κN,S)}2]  and [{Pt(bzq)(μ-C7H4NOS-

κN,S)( C7H4NOS-κS)}2]  were published.[29] They were obtained together in a 

moderate-low yield by one-pot reaction between [Pt(bzq)(μ-Cl)]2 and C7H4NOSH (1:4.2 

molar ratio) and separated  from the reaction mixture by column chromatography. In 

this paper the selective synthesis of the Pt2(II,II) and Pt2(III,III) derivatives are 

described. The luminescence properties of [{Pt(bzq)(μ-C7H4NOS-κN,S)}2] (Φ = 90% in 

toluene solution, 10
-5

M, 298 K) have also been studied by time-dependent-density 

functional theory (TD-DFT) calculations.  

 

2. Experimental 

2.1. General procedures and materials.  

Elemental analyses were carried out with a Perkin Elmer 2400 CHNS analyzer or Carlo 

Erba EA1110. IR spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR 

Spectrometer (ATR in the range 250-4000 cm
-1

). Mass spectrometry was performed 

with a Microflex MALDI-TOF Bruker or an Autoflex III MALDI-TOF Bruker 

instruments. Thermogravimetric analysis (TGA) was performed in the range 20-700ºC 

at 10ºC/min under nitrogen atmosphere using a STD 2960 simultaneous DTA-TGA 

from TA Instruments. NMR spectra were recorded on a Bruker AV-400 spectrometer 

using the standard references: SiMe4 for 
1
H and, J is given in Hz and assignments are 

based on 
1
H-

1
H COSY experiments. Diffuse reflectance UV-vis spectra were recorded 

on a Thermo electron corporation evolution 600 spectrophotometer equipped with a 

Praying Mantis integrating sphere. The solid samples were homogeneously diluted with 

silica. The mixtures were placed in a homemade cell equipped with quartz window. 

Steady-state photoluminescence spectra were recorded on a Jobin-Yvon Horiba 

Fluorolog FL-3-11 Tau 3 spectrofluorimeter using band pathways of 3 nm for both 
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excitation and emission. Phosphorescence lifetimes were recorded with a Fluoromax 

phosphorimeter accessory containing a UV xenon flash tube with a flash rate between 

0.05 and 25 Hz. Phase shift and modulation were recorded over the frequency range of 

0.1-100 MHz. Nanosecond lifetimes were recorded with a Datastation HUB-B with a 

nanoLED controller and software DAS6. The nanoLED employed for lifetime 

measurement were of 450nm with pulse lengths of 0.8-1.4ns. The lifetime data were 

fitted using the Jobin-Yvon software package and the Origin Pro 8 program. The 

quantum efficiency of the molecules in solution was determined using the quantum 

yield measurement system equipped with integrated sphere from Hamamatsu model 

C9920-01. 

The starting material [Pt(bzq)(NCMe)2]ClO4 was  prepared as described elsewhere.[17]
 

C7H5NOS and KOH were used as purchased from Aldrich and Panreac respectively. 

2.2. Synthesis 

2.2.1. Preparation of KC7H4NOS (1): A solution of C7H5NOS (0.614 g, 4.06 mmol) in 

MeOH (10 mL) was added to a solution of KOH (0.228 g, 4.06 mmol) in MeOH 

(10mL). The resulting solution was stirred for 45 min and then the solvent was 

evaporated to dryness. The residue was treated with 
i
PrOH (2mL) and the resulting solid 

was filtered and dried to the air. Yield (0.637g, 83%). Elemental analysis (%), observed 

(calculated for KC7H4NOS): C, 44.43 (44.42); H, 2.10 (2.13); N, 7.63 (7.40); 
1
H NMR 

(400.15 MHz, Acetone-d
6
, 298K) δH: 7.06 (1H, m, H

4’
), 7.04 (1H, m, H

7’
), 6.92 (1H, 

ddd, J6’,4’ = 1.1 Hz, J6’,5’ = J6’,7’ 7.5 Hz, H
6’

), 6.83 (1H, ddd, J5’,7’ = 1.2 Hz, J5’,4’ = J5’,6’ 

7.5 Hz, H
5’

); IR (cm
-1

): 1463 m, 1421 vs, 1411 vs, 1245 s, 1113 m, 1065 s, 1003 m, 923 

m, 890 s, 735 vs, 603 m, 443 m, 417 s, 273 m. 

2.2.2. Preparation of [{Pt(bzq)(C7H4NOS)}2](2). A solution of 1 (0.0883 g, 0.467 

mmol) in MeOH (10mL) was added to a yellow-orange suspension of 
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[Pt(bzq)(NCMe)2]ClO4  (0.259 g, 0.467 mmol) in acetone (20mL). The reaction mixture 

was stirred for 2.5 h throughout an orange-red solid was precipitated. Then the solvent 

was evaporated to dryness, CH2Cl2 (80 mL) added to the solid residue and the mixture 

filtered through Celites. The resulting solution was evaporated to dryness and Et2O 

added to the residue to give an orange-red solid that was filtered and dried, 2. Yield 

(0.2064 g, 84%) Elemental analysis (%), observed (calculated for Pt2C40H24N4O2S2): C, 

45.56 (45.89); H, 2.52 (2.31); N, 5.26 (5.35). 
1
H NMR (400.15 MHz, CD2Cl2, 298K) 

δH: 7.83 (2H, dd, 
3
J2,3 = 5.4 Hz, 

4
J2,4 = 1.2 Hz , 

3
JPt-H = 32.8 Hz, H

2
), 7.72 (6H, m, H

4’
, 

H
9
, H

4
), 7.45 (2H, m, H

7’
), 7.27 (2H, AB, 

3
J5,6 = 8.7 Hz, H

5
), 7.22 (4H, m, H

5’
, H

6’
), 

7.11 (2H, d, J7,8 = 7.9 Hz, H
7
), 7.06 (2H, AB, 

3
J6,5 = 8.7 Hz, H

6
), 7.00 (2H, dd, J8,7 = J8,9 

7.9 Hz, H
8
), 6.81 (2H, dd, J3,2 = 5.4 Hz, J3,4 = 8.0 Hz, H

3
); IR (cm

-1
): 1435 vs, 1420 s, 

1328 m, 1256 vs, 1134 vs, 1093 s, 1003 m, 824 s, 815 s, 741 vs, 711 vs, 422 s (Pt-S). 

2.2.3. Preparation of [{Pt(bzq)(C7H4NOS)Cl}2] (3). A solution of Cl2 in CCl4 0.25M 

(0.6 mL, 0.15 mmol) was added to an orange-red suspension of 2 (0.142 g, 0.136 mmol) 

in CH2Cl2 (5mL) and the resulting red solution was stirred for 30 min, while a yellow-

brownish solid was precipitated. Then, Et2O (10 mL) was added to the reaction mixture 

and the solid was filtered and dried to the air, yielding complex 3. Yield (0.124g, 82%). 

Elemental analysis (%), observed (calculated for Pt2C40 Cl2H24N4O2S2· 0.5 CH2Cl2): C, 

41.61 (41.92); H, 2.02 (2.17); N, 4.99 (4.83).
 1

H NMR (400.15 MHz, CD2Cl2, 298K) δH: 

8.35 (2H, dm,
 3

J4’,5’ = 8.1 Hz, H
4’

), 7.67 (4H, m, H
7’

, H
4
), 7.63 (2H, dd, 

3
J2,3 = 5.5 Hz, 

4
J2,4 = 1.2 Hz, 

3
JPt-H = 24.6 Hz, H

2
), 7.54 (2H, dd, 

3
J9,8 = 7.1 Hz, 

4
J9,7 = 1.2 Hz, 

3
JPt-H = 

28.5 Hz, H
9
), 7.38 (2H, AB, 

3
J6,5 = 8.8 Hz, H

5
), 7.30 (8H, m, H

6’
, H

8
, H

7
, H

5’
), 7.18 (2H, 

AB, 
3
J6,5 = 8.8 Hz, H

6
), 6.74 (2H, dd, 

3
J3,2 = 5.5 Hz, 

3
J3,4 = 8.0 Hz, H

3
); IR (cm

-1
): 1573 

w, 1447 vs, 1049 m, 1327 m, 1243 vs, 1148 s, 1099 s, 830 vs, 815 s, 752 s, 711 s, 514 

m, 425 m (Pt-S). 
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2.2.4. Preparation of [{Pt(bzq)(C7H4NOS)Br}2] (4). 4 was prepared in the same way 

as 3, starting from Br2 (solution in CH2Cl2, 0.25 M, 0.5 mL, 0.125 mmol); 2 (yellow-

brownish, 0.117 g, 0.112mmol). Yield (0.105 g, 77%). Elemental analysis (%), 

observed (calculated for Pt2Br2C40H24N4O2S2· 0.5 CH2Cl2: C, 38.81 (38.94); H, 2.16 

(2.02); N, 4.44 (4.48). 
1
H NMR (400.15 MHz, CD2Cl2, 298K) δH: 8.40 (2H, dm,

 3
J4’,5’ = 

8.0 Hz, H
4’

), 7.62 (4H, m, H
7’

, H
4
), 7.63 (2H, dd, 

3
J2,3 = 5.5 Hz, 

4
J2,4 = 1.2 Hz, 

3
JPt-H = 

25.4 Hz, H
2
), 7.52 (2H, dd, 

3
J9,8 = 7.5 Hz, 

4
J9,7 = 0.6 Hz, 

3
JPt-H = 29.2 Hz, H

9
), 7.38 (2H, 

AB, 
3
J6,5 = 8.8 Hz, H

5
), 7.30 (8H, m, H

6’
, H

8
, H

7
, H

5’
), 7.19 (2H, AB, 

3
J6,5 = 8.8 Hz, H

6
), 

6.73 (2H, dd, 
3
J3,2 = 5.5 Hz, 

3
J3,4 = 8.0 Hz, H

3
); IR (cm

-1
): 1572 w, 1445 vs, 1407 m, 

1326 m, 1243 vs, 1149 s, 1100 m, 829 vs, 818 s, 746 vs, 710 s, 513 m, 432 m (Pt-S), 

425 m (Pt-S) . 

2.2.5. Preparation of [{Pt(bzq)(C7H4NOS)I}2] (5). A solution of I2 (0.039 g, 0.156 

mmol) in CH2Cl2 (9 mL) was added to an orange-red suspension of 2 (0.141 g, 0.135 

mmol) in CH2Cl2 (5 mL) and the resulting garnet mixture was stirred for 1.5 h, while a 

purple solid was precipitated. The solvent was evaporated to ca. 1mL and Et2O (10 mL) 

was added. The solid was filtered, washed with Et2O (2 x 5 mL) and dried, 5. Yield 

(0.153 g, 83%). Elemental analysis (%), observed (calculated for Pt2C40H24I2N4O2S2· 

0.5 CH2Cl2: C, 36.12 (36.21); H, 2.02 (1.88); N, 4.25 (4.17).
 1

H NMR (400.15 MHz, 

CD2Cl2, 298K) δH: 8.43 (2H, dm,
 3

J4’,5’ = 8.1 Hz, H
4’

), 7.65 (4H, m, H
7’

, H
4
), 7.58 (2H, 

dd, 
3
J2,3 = 5.5 Hz, 

4
J2,4 = 1.2 Hz, 

3
JPt-H = 26.0 Hz, H

2
), 7.49 (2H, dd, 

3
J9,8 = 7.6 Hz, 

4
J9,7 

= 0.6 Hz, 
3
JPt-H = 30.1 Hz, H

9
), 7.37 (2H, AB, 

3
J6,5 = 8.8 Hz, H

5
), 7.33 (4H, m, H

8
, H

6’
), 

7.27 (2H, ddd, 
3
J5’,4’ = 

3
J5’,6’ = 7.9 Hz, 

4
J5’,7’ = 1.2 Hz, H

5’
), 7.20 (2H, d, 

3
J7,8 = 7.4 Hz, 

H
7
), 7.19 (2H, AB, 

3
J6,5 = 8.8 Hz, H

6
), 6.69 (2H, dd, 

3
J3,2 = 5.5 Hz, 

3
J3,4 = 8.0 Hz, H

3
); 

IR (cm
-1

): 1570 w, 1442 vs, 1406 m, 1325 m, 1240 vs, 1148 s, 1099 s, 828 vs, 817 s, 

743 vs, 709 s, 512 m, 432 m (Pt-S), 425 m (Pt-S). 
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2.3. X-ray structure determinations.  

Crystal data and other details of the structure analyses are presented in Table 3. Suitable 

crystals for X-ray diffraction studies were obtained by slow diffusion of diethyl ether (2 

and 4) or n-hexane (3 and 5) into concentrated solutions of the complexes in CH2Cl2. 

Crystals were mounted at the end of a quartz fiber. The radiation used in all cases was 

graphite monochromated MoKα (λ = 0.71073 Å). X-ray intensity data were collected on 

an Oxford Diffraction Xcalibur diffractometer. The diffraction frames were integrated 

and corrected for absorption by using the CrysAlis RED program.[30] The structures 

were solved by Patterson and Fourier methods and refined by full-matrix least squares 

on F
2
 with SHELXL-97.[31] All non-hydrogen atoms were assigned anisotropic 

displacement parameters and refined without positional constraints, except as noted 

below. All hydrogen atoms were constrained to idealized geometries and assigned 

isotropic displacement parameters equal to 1.2 times the Uiso values of their attached 

parent atoms. In 3·2CH2Cl2.0.5n-C6H14 and 4·0.25CH2Cl2, the mediocre quality of the 

crystal led to the presence of a fair amount of unassigned electron density peaks, most 

of them in the heavy atoms or solvent areas and clearly with no chemical meaning. 

Moreover, extremely diffuse solvent was present in the lattice. This solvent was 

modelled for 3·2CH2Cl2.0.5n-C6H14 as one complete CH2Cl2 molecule, two half CH2Cl2 

molecules, and one half n-hexane molecule, all of them solvents used in the 

crystallization process. Some of these entities share the same zone of the lattice and 

restraints in their geometric parameters and thermal parameters had to be used. For 

4·0.25CH2Cl2, the solvent was modelled as one half CH2Cl2 molecule, and restraints in 

its geometric parameters and thermal parameters were used. For 5·2CH2Cl2, restraints in 

the geometric parameters of the CH2Cl2 solvent molecule were used. Full-matrix least-
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squares refinement of these models against F2 converged to the final residual indices 

given in Table 1. 

2.4. Computational Details.  

Density functional calculations were performed using the M06[32] hybrid functional 

under the Gaussian09 package.[33] The SDD pseudopotential and associated basis 

set[34] was used for the platinum atoms and the 6-31G(d)[35, 36] basis set was used for 

all other atoms. Geometry optimisations were performed in the presence of 

dichloromethane with the polarizable continuum model (PCM) and under no symmetry 

restrictions, using initial coordinates derived from X-ray data. The time-dependent 

density-functional (TD-DFT) calculations were also carried out using the same 

solvation model implemented in the Gaussian 09 software. Mulliken population, 

Natural Bond Orbital (NBO)[37] and Mayer bond order[38] analysis were carried out 

using Gaussian 09 package for interpretation purposes. Molekel,[39] GaussView5 and 

Chemissian[40] program packages were used for analysis and graphic representation of 

molecular structures and electron densities. 

3. Results and Discussion 

3.1. Synthesis and characterization of KC7H4NOS (1), [{Pt(bzq)( -C7H4NOS-

N,S)}2] (2) and [{Pt(bzq)( -C7H4NOS- N,S)X}2] [X = Cl (3), Br (4), I (5)]. 

The treatment of 2-mercaptobenzoxazole (C7H5NOS) with the equimolar amount of 

potassium hydroxide (KOH) in MeOH rendered the potassium 2-

mercaptobenzoxazolate (KC7H5NOS) salt in a good yield (See experimental section for 

details). anti-[{Pt(bzq)( -C7H4NOS- N,S)}2] (2) was obtained by reaction of equimolar 

amounts of KC7H4NOS (1) and [Pt(bzq)(NCMe)2]ClO4 in acetone/ methanol (2:1). 

Compound 2 precipitated in the reaction mixture from which it was separated and 

obtained as an air-stable and pure orange-red solid in a good yield. Complex 2 was fully 
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characterized (see Scheme 1 and Experimental Section). The 
1
H NMR in CD2Cl2 and 

the X-ray structure of 2 resulted to be equal to those reported by Zhao et al [29] 

indicating that the dinuclear compound 2 was isolated as one single and symmetric 

isomer (the anti one). 
1
H assignments were made with the aid of 

1
H-

1
H COSY 

experiments.  

As expected from the short Pt-Pt distance (2.9726(8)Å) observed in complex 2, it 

undergoes two-electron oxidation upon treatment with halogens X2 (X2 : Cl2, Br2 or I2) 

to give the corresponding dihalodiplatinum (III) complexes [{Pt(bzq)( -C7H4NOS-

N,S)X}2] (X: Cl 3, Br 4, I 5) as yellow-brownish (3, 4), and purple (5) solids 

respectively. Small and similar changes in their IR and 
1
H NMR spectra of compounds 

3-5 with respect to those of the starting complex 2 were observed (see Scheme 1 and 

Experimental Section). This agrees with the analogous X-ray structures observed for all 

the three compounds (see Figures 1 for 3 and S1 and S2 for 4 and 5 in Supporting 

Information). A selection of bond distances and angles appears listed in Table 2. 

Compounds 3-5 exhibit a half-lantern structure as the starting material 2 and similar 

coordination mode of the bzq and the NOS ligand to the platinum centers. The metal 

atoms have a distorted octahedral environment with the axial positions occupied by an 

halogen atom (Cl 3, Br 4, I 5) and the other Pt(III) center, with the X-Pt-Pt angles being 

close to 175º. The most significant change is the shortening (11.2%, 10.3 %, 9.8% in the 

Cl, Br and I derivatives) of the Pt-Pt distance (2.6383(3) Å 3, 2.6671(9) Å 4, 2.6810(5) 

Å 5) with respect to 2 (2.9726(8)Å) because of the Pt-Pt bond formation, that resulted to 

be larger than in the analogous complexes [{Pt(bzq)( -C7H4NS2- N,S)X}2] (X =Cl 

(9.2%), Br (9.1%), I (8.3%)).[23] These distances are in the range of those observed in 

Pt2(III, III) complexes.[23, 25, 26, 29, 41-44] The trend of increasing Pt-Pt distances is 

in accordance with the trans-influence of the axial ligand (Cl < I),[45] as was previously 
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observed in complexes [Pt2(P2O5H2)4X2]
4-

 (X = Cl, Br, I),[46] [Pt2(µ-κAs,κC-C6H3-5-

CHMe2-2-AsPh2)4X2](X = Cl, Br, I),[41] [Pt2(µ-κAs,κC-C6H3-5-Me-2-AsPh2)4X2](X = 

Cl, Br, I),[47] [{Pt(bzq)( -C7H4NS2- N,S)X}2] (X =Cl, Br, I)[23] or cis-

[XPt
III

(NH3)2(µ-OAc)2Pt
III

(NH3)2X](NO3)2 (X = Cl, Br).[44]  With this argument, the 

difference in the Pt-Pt distance of 3-5 with the recently published compound 

[{Pt(bzq)(μ-C7H4NOS-κN,S)(C7H4NOS-κS)}2] (Pt-Pt = 2.6923(3)Å),[29] shows again 

the stronger trans influence of the axial thiolate ligand, as in compounds [Pt2(ppy)2(µ-

pyt-κN,S)2X2] (X = Cl, pyt-κS) (Hppy =2,2’-bipyridine, pyt = pyridine-2-thiolate).[25, 

48] The Pt(III)-X distances are also in the range of those found in other complexes with 

this kind of ligands. In compounds 3-5, the interplanar angle formed between the two 

platinum coordination planes [3.56(1)º (3), 6.53º (4) ,6.93º (5)] is smaller than in the 

Pt2(II,II) complex 2 (12.04(5)º). In addition, angles involving the Pt-Pt line and the 

normal lines to both of the Pt square coordination planes are smaller too, being the 

biggest angle 5.3º (for compound 4). Significant intramolecular - interactions 

between the bzq groups are found in these structures with most C-C distances between 

3.09 - 3.99 Å (3), 3.14 - 3.96 Å (4), 3.2 - 3.98 Å (5).[14, 23, 26, 49] Complexes 3-5 are 

discrete molecules and no intermolecular interactions between neighbor molecules have 

been found (See Figures 1b, S1b and S2b). 

3.2. Photophysical and Computational studies 

3.2.1. Absorption spectra. Electronic absorption spectra of 2 were recorded in several 

solvents with increasing polarity (Toluene, 2-MeTHF, CH2Cl2 and DMF, see Figure 2 

and Table 3); the spectrum in CH2Cl2 has been reported previously.[29] These spectra 

show absorption features quite similar to those observed for the analogous compound 

[{Pt(bzq)( -C7H4NS2- N,S)}2].[23] By analogy the intense absorptions observed at 

high energies ( < 325 nm, ε > 20000 M
-1

 cm
-1

) are tentatively attributable to * 
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intraligand (IL, bzq, N^O^S, see Figure S3) transitions and the weaker absorptions 

(8400 > ε > 3900 M
-1

 cm
-1

) observed at  from 325 to 420 nm to admixtures of metal-

perturbed intraligand transitions (
1
IL), ligand-to-ligand charge transfer (L’LCT), and 

metal-to ligand charge transfer (
1
MLCT) transitions. The less intense absorption band 

(2700 > ε > 1800 M
-1

 cm
-1

) with maximum at ca. 480 - 490 nm, can be tentatively 

assigned to a metal-metal-to ligand charge transfer (
1
MMLCT) [d *(Pt-Pt)  *(bzq)] 

transition, which arose from the Pt···Pt interactions likely to have been affected by the 

···π contacts in this diplatinum (II,II) complex, probably with some (
1
L’LCT) 

character. This low energy absorption band shows a modest negative solvatochromism 

from toluene to DMF (see Table 3 and Figure 2) and follows the Beer 's law in the 

concentration range from 2 x 10
-5

 to 2 x10
-3

 M (Figure S4 in the Supporting 

Information), indicating that aggregations of dimers do not occur within this range.  

This low energy absorption band appears a little blue shifted with respect to that in the 

analogous compound [{Pt(bzq)( -C7H4NS2- N,S)}2]· Me2CO,[23] which could be 

attributable to the lengthening of the Pt···Pt distance. In order to make a complete 

comparison between these two analogous compounds theoretical calculations using the 

time-dependent density functional theory (TD-DFT) were carried out on 2 in CH2Cl2. 

The optimized S0 structure agrees well with the experimental values (Figure S5, Table 

S1 in SI). All the relevant data about the molecular orbitals involved in the excited 

states and the calculated electronic excitations appear compiled in Figure 3 and Tables 

S2 and S3 in Supporting Information. In CH2Cl2 solution the lowest unoccupied 

molecular orbital (LUMO) and L+1 are well located on the bzq ligand (LUMO: 90%; 

L+1: 97%); the highest occupied molecular orbital (HOMO) is mainly a dz2 σ* Pt–Pt 

antibonding orbital with a small contribution of bzq (13%) and S (7%) and the H-1 

orbital is composed of d(Pt) (22%) / p(S) 36% / NOS-S (35%)/ bzq (7%). As the 
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HOMO →LUMO is the main transition (97%) involved in the S1 calculated excitation 

the lower energy absorption band of 2 in CH2Cl2 solution can be attributable to 

1
MMLCT transitions with just a little L’LCT/IL character. When we compared the 

energy and compositions of the frontier orbital (FOs) of 2 with those of anti-

[{Pt(bzq)( -C7H4NS2- N,S)}2][23] we found almost the same composition of the FOs 

for both complexes and almost the same energy for the HOMO  orbital, -5.45 eV in 2, -

5.36 eV in anti-[{Pt(bzq)( -C7H4NS2- N,S)}2]. However, the energy of the LUMO is 

quite different from one to another in spite of their analogous composition, -1.72 eV in 

2, -2.12 eV in anti-[{Pt(bzq)( -C7H4NS2- N,S)}2]. So the lengthening of the Pt···Pt 

distance in 2 (3.037 Å calculated in CH2Cl2) with respect to that in anti-[{Pt(bzq)( -

C7H4NS2- N,S)}2] (2.959 Å calculated in CH2Cl2) does not seem to affect significantly 

the energy of the HOMO (dz2 σ* ). However, the lengthening of the C-C distances 

between the bzq groups or the absence of π···π contacts between complexes seems to 

cause a smaller stabilization of the LUMO and then the blue-shift of the lower energy 

electronic absorption. Therefore we can confirm that the lowest energy absorption band 

in complexes [{Pt(bzq)( -C7H4NS2- N,S)}2][23] and [{Pt(bzq)( -C7H4NOS-

N,S)}2](2) can be assigned to a 
1
MMLCT [d *(Pt-Pt)  *(bzq)] transition with this 

transition being really affected by the strength of the π···π contacts. The diffuse 

reflectance UV-vis spectrum of a solid sample of 2 shows similar profile to those 

observed in solution; therefore, a similar assignment of the absorption bands can be 

performed. The red-shift (~ 13 nm) of the lowest absorption band could be attributable 

to a shortening of the Pt···Pt distance in the solid state (2.9726(8) Å) with respect to that 

in CH2Cl2 solution (Pt-Pt distance calculated: 3.037 Å) along with the shortening of the 

π···π contacts. 
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3.2.2. Emission spectra. Complex 2 exhibits luminescence not only in the solid state 

but also in solution at room temperature. Table 3 summarizes all the emission data. The 

emission spectra of 2 in CH2Cl2, 10
-5 

M (Figure 4) at 298 K shows a structureless red 

band ( max = 653 nm) that becomes narrower and blue-shifted ( max = 577 nm) upon 

cooling to 77K. The excitation spectra monitored at these maxima resemble the 

absorption one in CH2Cl2, which allows this emission to be assigned to 
3
MMLCT 

[d *(Pt)2→ *(bzq)] excited states. The significant decrease in the bandwidth at 77K 

can be attributable to a smaller distortion of the excited state geometry with respect to 

the ground state at this temperature (Franck-Condon Principle). The 
3
MMLCT character 

of the emission is in agreement with the optimized structure of the first excited state T1 

(see Table S4 in Supporting Information). T1 shows a similar structure to that of the S0 

state but with a significant shortening of the Pt-Pt distance from 3.037 Å (S0) to 2.797 Å 

(T1), which would be consistent with an increase in the Pt-Pt bond order as consequence 

of the electron promoted from the d *(Pt)2 orbital to the *(bzq) in excitation 

process.[23]  

To further evaluate this Pt-Pt bonding, both, NBO and Mayer bond order analyses were 

carried out in the S0 and T1 states of 2. Although bonding in 2 (S0) is entirely consistent 

with a formal Pt(II) oxidation state, there is a weak bonding interaction between the Pt 

atoms (bond order = 0.194). As mentioned above, this Pt-Pt interaction is significantly 

strengthened in the first excited state (T1), showing a bond order of 0.476.  

Emission spectra at 298K and 77K of solid samples of 2 show the same profile (Figure 

5), but their maxima appeared a little red-shifted with respect to those in CH2Cl2, which 

could be explained also by the shortening of the Pt···Pt and ···  distances. Quantum 

yield (QY) determinations in diluted solutions of 2 indicate that it is a really efficient 

3
MMLCT emitter at room temperature with quantum yields up to 50% in CH2Cl2 and 
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90% in toluene solution, which are even higher than those found in the analogous 

complex [{Pt(bzq)(μ-C7H4NS2-κN,S)}2] (19 and 44% in CH2Cl2 and toluene 

respectively) measured by the same procedure and equipment. The scarce solubility of 2 

in CH2Cl2 prevented the preparation of films (5% wt in PMMA) and consequently the 

determination of QY in solid state. In addition, the thermo-gravimetric analysis (TGA) 

of 2 indicates that it is stable under Argon at 1 atm. to 350ºC (Figure S6 in SI), and then 

presumably stable enough toward sublimation under vacuum and suitable for the vapor 

deposition process required for producing OLEDs. The neutral character of 2, its 

thermal stability and quantum efficiency make it a potential compound to be 

incorporated in multi-layer OLEDs. The Pt2(III,III) complexes 3-5 were non-emissive in 

the visible region (up to 850 nm), as was expected in view of the common behavior of 

d
7
-d

7
 complexes.[41]

 
 

4. Conclusions 

The half-lantern compound [{Pt(bzq)(μ-C7H4NOS-κN,S)}2] (2) could be prepared 

selectively in a good yield by reaction of KC7H4NOS (1) and [Pt(bzq)(NCMe)2]ClO4 in 

1:1 molar ratio. In complex 2 the Pt(II)···Pt(II) separation (2.9726 (8) Å) is a little 

longer than that observed in the related complex [{Pt(bzq)( -C7H4NS2- N,S)}2] (2.910 

(2) Å) but it also undergoes two-electron oxidation upon the treatment with halogens X2 

(X2: Cl2, Br2 or I2). The X-ray structures of the dihalodiplatinum (III) complexes 

[{Pt(bzq)( -C7H4NOS- N,S)X}2]  ( X = Cl 3, Br 4, I 5) confirm the retention of the 

half-lantern structure and the shortening of the Pt-Pt distances (shortening average 

10.4%) with respect to 2 because of the Pt-Pt bond formation. As complex [{Pt(bzq)( -

C7H4NS2- N,S)}2], 2  resulted to be also a very efficient (QY: 90% in toluene solution 

at room temperature) and stable 
3
MMLCT emitter.  
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Comparison of the energy and compositions of the frontier orbital (FOs) of 2 with those 

of anti-[{Pt(bzq)( -C7H4NS2- N,S)}2][23] by using TD-DFT calculations showed  

almost the same composition of the FOs for both complexes. However, while the energy 

of the HOMO is quite similar in both complexes, that of the LUMO is very different 

from one to another. So the lengthening of the Pt···Pt distance in 2 with respect to that in 

anti-[{Pt(bzq)( -C7H4NS2- N,S)}2] does not seem to affect significantly the energy of 

the HOMO (dz2 σ* ). However, the lengthening of the C-C distances between the bzq 

groups or the absence of π··π  between complexes seems to cause a smaller 

stabilization of the LUMO and then the blue-shift of the lower energy electronic 

absorption. Therefore the lowest energy absorption and the emission bands in 

complexes [{Pt(bzq)( -C7H4NS2- N,S)}2][23] and [{Pt(bzq)( -C7H4NOS- N,S)}2](2) 

can be assigned to a 
1,3

MMLCT [d *(Pt-Pt)  *(bzq)] transition with this transition 

being really affected by the strength of the ···π . The neutral character of 2, its 

thermal stability, the short lifetime and high luminescence quantum yield of its red 

emission make it a potential compound to be incorporated in multi-layer OLEDs. 

 

Supplementary material 

Molecular structure of compounds 4 and 5.UV-vis absorption spectra of 2 and the 

ligand NOSH in CH2Cl2 (10
-3 

M) at room temperature. Low-energy region of the UV-

vis spectra of 2 in CH2Cl2 (298 K) at different concentrations and representation of the 

linear fit of the absorbance at 476nm (A476) vs concentration. DFT-Optimized structure 

of [{Pt(bzq)(μ-C7H4NOS-κN,S)}2] (2). DFT-Optimized coordinates of 2 in the states S0 

and T1. Population Analysis (%) of Frontier MOs in the Ground State for 2 and Selected 
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electronic transitions calculated for 2 in CH2Cl2 solution.TGA of 2 under Ar at 1 atm. 

CCDC reference numbers 908577-908579. 
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Captions to illustrations 

Figure 1. (a) Molecular structure of complex 3. Ellipsoids are drawn at their 50% 

probability level; solvent molecules and hydrogen atoms were omitted for clarity; (b) X-

ray view showing no interaction between neighbor molecules. 

 

Figure 2.Normalized absorption spectra in different solvents (10
-4

M) and normalized 

diffuse reflectance UV-vis spectrum of 2 in the solid state at room temperature. Side 

pictures: 2 in CH2Cl2 solution and in the solid state. 

 

Figure 3. (a) Experimental excitation spectra of compound 2 in CH2Cl2 (10
-5

 M) at  

77 K (black) and calculated transitions in CH2Cl2 solution (red bars); (b) most important 

transitions (> 90%) involved in lower energy excited calculated states (S1, S2, S3). 

 

Figure 4. Normalized excitation and emission spectra of 2 in CH2Cl2 (10
-5

M ). 

 

Figure 5. Normalized excitation and emission spectra of 2 in the solid state at 298 and 

77K. Side picture: 2 in the solid state under UV light (λ = 365 nm). 

 

Scheme 1. Reactions and numerical scheme for 
1
H NMR purpose of 1-5. 
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Table 1. Crystal data and structure refinement for complexes [{Pt(bzq)(μ-C7H4NOS-κN,S)Cl}2]·2CH2Cl2·0.5n-C6H14 (3·2CH2Cl2.0.5n-C6H14), 

[{Pt(bzq)(μ-C7H4NOS-κN,S)Br}2] ·0.25CH2Cl2 (4·0.25CH2Cl2), and [{Pt(bzq)(μ-C7H4NOS-κN,S)I}2]· 2CH2Cl2 (5·2CH2Cl2). 

 

 3·2CH2Cl2.0.5n-C6H14 4·0.25CH2Cl2 5·2CH2Cl2 

Formula C40Cl2H24N4O2S2Pt2 Br2C40H24N4O2S2Pt2 C40H24I2N4O2S2Pt2 

 ·2CH2Cl2.0.5n-C6H14 ·0.25CH2Cl2 ·2CH2Cl2 

Mt 1330.77 1291.68 1470.58 

Crystal system Monoclinic Tetragonal Tetragonal 

Space group P21/n P-421c P-421c 

a/Å 16.7712(6) 12.1398(2) 12.3865(1) 

b/Å 14.8868(4) 12.1398(2) 12.3865(1) 

c/Å 18.2509(7) 28.408(2) 28.3802(6) 

β/º 109.024(4) 90 90 

V/Å
3
 4307.8(3) 4186.6(3) 4354.2(1) 

Z 4 4 4 
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Dc/g cm
-3

 2.051 2.049 2.243 

T/K 100(1) 100(1) 100(1) 

μ/mm
-1

 7.063 8.852 8.220 

F(000) 2556 2432 2744 

2θ range/º 8.3-57.8 8.6-51.0 8.5-52.5 

Collected reflections 46047 9962 21901 

Unique reflections 10268 3814 4382 

Rint 0.0580 0.0606 0.0480 

R1, wR2
a
 (I > 2σ(I)) 0.0406, 0.0997 0.0489, 0.1180 0.0333, 0.0890 

R1, wR2
a
 (all data) 0.0646, 0.1043 0.0606, 0.1217 0.0375, 0.0902 

GOF (F2)
b
 1.028 1.039 1.050 

Absolute structure parameter - 0.04(2) 0.010(8)- 

a
 R1 = (|Fo| - |Fc|) /  |Fo|. wR2 = [ w (Fo2 - Fc2 )2 / w(Fo2)2 ]1/2. 

b
 Goodness-of-fit = [ w (Fo2 - Fc2)2 / (nobs - nparam)]1/2.
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Table 2. Selected bond distances (Å) and angles (
o
) of 3-5 

 3·2CH2Cl2· 

0.5-nC6H14 

4·0.25 CH2Cl2 5·2CH2Cl2 

Pt(1)-C(1) 2.040 (6) 2.032(14) 2.028 (8) 

Pt(1)-N(1) 2.071 (5) 2.058(10) 2.059 (7) 

Pt(1)-Nμ-N^S 2.158 (5) 2.198(11) 2.193 (7) 

Pt(1)-Sμ-N^S 2.3084 (16) 2.296(4) 2.297 (2) 

Pt(1)-X(1) 2.4170 (15) 2.5680(12) 2.7350 (6) 

Pt(1)-Pt(2) 2.6383 (4) 2.6671(9) 2.6810 (5) 

Pt(2)-C(14) 2.009 (7)   

Pt(2)-N(2) 2.073 (5)   

Pt(2)-N(4) 2.169 (6)   

Pt(2)-S(1) 2.3185 (16)   

Pt(2)-X(2) 2.4293 (16)   

C(1)-Pt(1)-N(1) 82.7 (2) 82.9(5) 82.0 (3) 

N(1)-Pt(1)-Nμ-N^S 94.4 (2) 97.0(4) 96.0 (3) 

C(1)-Pt(1)-Sμ-N^S 94.24 (19) 93.2(4) 94.4 (2) 

N’μ-N^S-Pt(1)-Sμ-N^S 88.80 (15)  87.1(3) 87.7 (2) 

C(14)-Pt(2)-N(2)              82.2 (2)   

N(2)-Pt(2)-N(4)               95.7 (2)   

C(14)-Pt(2)-S(1)              93.16 (19)    

N(4)-Pt(2)-S(1)               88.92 (15)   

C(1)-Pt(1)-X(1)              88.1 (2) 86.1(4) 84.6 (2) 

N(1)-Pt(1)-X(1)              88.77 (15) 88.2(3) 89.45 (18) 
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Nμ-N^S-Pt(1)-X(1)              93.17 (15) 95.3(3) 96.85 (17) 

Sμ-N^S-Pt(1)-X(1)              85.68 (6) 86.11(10) 85.65 (6) 

Pt(2)-Pt(1)-X(1)            175.43 (4) 175.83(4) 174.23 (2) 

C(14)-Pt(2)-X(2)             87.67(18)   

N(2)-Pt(2)-X(2)                          88.39 (15)   

N(4)-Pt(2)-X(2)              92.07 (15)   

S(1)-Pt(2)-X(2)              87.17 (6)   

Pt(1)-Pt(2)-X(2)            177.27 (4)   
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Table 3. Photophysical data of 2 

Absorption 298K abs / nm (10
3
 ε M

-1
cm

-1
) 

Solid  309, 404sh, 493 

2-Me-THF 10
-4

M  302 (42.0), 322sh (27.2), 366 (8.4), 388 (7.0), 488 (1.8) 

CH2Cl2 10
-4

M  298 (41.6), 320sh (29.2), 386 (6.2), 412 (4.7), 480 (2.7) 

Toluene 10
-4

M  292 (37.7), 320sh (26.0), 368 (6.5), 390 (5.8), 422 (3.9), 488 (2.3) 

DMF 10
-4

M 298 (35.9), 320sh (24.9), 384 (5.5), 410 (4.2), 480 (2.3) 

 

Emission λexc (nm) λem (nm) [Ф] τ (µs) 

Solid 298K 350-560 691max 0.4 (691) 

Solid 77K 350-530 623max, 685sh 

9.12 (623) 

7.1 (685) 

CH2Cl2 10
-5

M 298K 300-480 653max [0.50]  

Toluene 10
-5

M 298K 303 660 [0.90]  

THF 10
-5

M 298K 303 651 [0.08]  

CH2Cl2 10
-5

M 77K 370-480 577max, 620sh  

 

 

 

 

 

 

 


