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ABSTRACT: The half-lantern compound [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2]·Me2CO (1) was obtained by reaction of equimolar
amounts of potassium 2-mercaptobenzothiazolate
(KC7H4NS2) and [Pt(bzq)(NCMe)2]ClO4. The Pt(II)···
Pt(II) separation in the neutral complex [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2] is 2.910 (2) Å, this being among the shortest
observed in half-lantern divalent platinum complexes. Within
the complex, the benzo[h]quinoline (bzq) groups lie in close
proximity with most C···C distances being between 3.3 and
3.7 Å, which is indicative of significant π−π interactions. The
reaction of 1 with halogens X2 (X2 = Cl2, Br2, or I2) proceeds with a two-electron oxidation to give the corresponding
dihalodiplatinum(III) complexes [{Pt(bzq)(μ-C7H4NS2-κN,S)X}2] (X = Cl 2, Br 3, I 4). Their X-ray structures confirm the
retention of the half-lantern structure and the coordination mode of the bzq and the bridging ligand μ-C7H4NS2-κN,S. The Pt−
Pt distances (Pt−Pt = 2.6420(3) Å 2, 2.6435(4) Å 3, 2.6690(3) Å 4) are shorter than that in 1 because of the Pt−Pt bond
formation. Time dependent-density functional theory (TD-DFT) studies performed on 1 show a formal bond order of 0
between the metal atoms, with the 6pz contribution diminishing the antibonding character of the highest occupied molecular
orbital (HOMO) and being responsible for an attractive intermetallic interaction. A shortening of the Pt−Pt distance from
2.959 Å in the ground state S0 to 2.760 Å in the optimized first excited state (T1) is consistent with an increase in the Pt−Pt bond
order to 0.5. In agreement with TD-DFT calculations, the intense, structureless, red emission of 1 in the solid state and in
solution can be mainly attributed to triplet metal−metal-to-ligand charge transfer (3MMLCT) [dσ*(Pt−Pt) → π*(bzq)] excited
states. The high quantum yields of this emission measured in toluene (44%) and solid state (62%) at room temperature indicate
that 1 is a very efficient and stable 3MMLCT emitter, even in solution. The high luminescence quantum yield of its red emission,
added to its neutral character and the thermal stability of 1, make it a potential compound to be incorporated as phosphorescent
dopant in multilayer organic light-emitting devices (OLEDs).

■ INTRODUCTION
Recently much attention has been paid to luminescent cyclo-
metalated Pt(II) complexes due to their attractive photochemical
and photophysical properties, and they have been the subject of
some excellent, comprehensive reviews.1−5 Many of these com-
plexes have been successfully applied as phosphorescent dopants
in the manufacture of highly efficient organic light-emitting
devices (OLEDs).3,4,6−8

In these kinds of compounds, monomer emission typically
arises from triplet ligand-centered (3IL), metal-to-ligand charge
transfer (3MLCT) and metal−ligand-to-ligand charge transfer
(3MLL′CT) excited states.
In addition, monomer square-planar Pt(II) neutral complexes

with sterically undemanding ligands have long been known to
have a great tendency to self-assemble, in the axial direction,

into linear chains, dimers, or Pt3 structures directed by Pt···Pt
interactions.9−17 When nonbulky π-extended ligands such as
diimines, terpyridines, or C,N-cyclometalated ligands are
present, then π···π interactions, in addition to Pt···Pt, play a
significant structure-directing role.18−20 Stacked linear com-
pounds or oligomers with such Pt···Pt and/or π···π interactions
display phosphorescence derived from metal−metal-to-ligand
charge transfer (3MMLCT) and/or 3π−π* excimeric excited
states.1,21−30 In general, absorptions and emissions in such
systems are strongly dependent on the extent of Pt···Pt and/or
π···π interactions and consequently are influenced by crystal-
lization conditions, solvent, concentration, temperature, and the
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nature of the counterion.20,24,30−32 The photophysical prop-
erties associated with Pt···Pt and π···π interactions most often
disappear in a diluted solution of the complexes as these
interactions become weaker or nonexistent.16,33 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 3MMLCT emitters.34,35

Discrete dinuclear Pt(II) complexes with a well-defined Pt−
Pt distance, using pop (P,P-pyrophosphite, P2O5H2

2−),36,37 PPi
(pyrophosphate, P2O7

4−),38 pyt (pyridine-2-thiolate),35,39−41

amidate,42,43 or dppm (diphenylphosphinomethane)44 as
bridging ligands, have long been known. More recently, the
dinuclear anti- and syn-[{Pt(d-t-bpy)(NS2)}2] (d-t-bpy = 4,4′-
ditert-butyl-2,2′-bipyridine, NS2 = 2-mercaptobenzothiazolate,
2-mercaptobenzimidazolate, 2-mercaptobenzoxazolate)45 com-
plexes have been reported. A simplified molecular orbital
approach considers that the axial interactions of the metal
centers cause the valence dz

2 orbitals to overlap to give bonding
(dσ) and antibonding (dσ*) orbitals;46 the antibonding
character of the highest occupied molecular orbital (HOMO)
of dinuclear d8−d8 complexes may explain why oxidation leads
to enhanced metal−metal bonding on going from diplatinum-
(II) to diplatinum(III) complexes.34−36,39,47 Most platinum(III)
dimers reported up until now have been prepared either by
reaction of the Pt(II) complex with the bridging ligand at high
temperature under atmospheric oxygen or by oxidation of the
precursor binuclear platinum(II) complexes.34,35,48,49 However,
not many structures of related Pt2(III−III) compounds can be
found in the literature to compare the influence of axial ligands
on the Pt(III)−Pt(III) distance.36,47 The d7−d7 complexes are
in general nonemissive either in solution or in the solid state
with just a few exceptions as [Pt2(μ-pop)4X2]

4− (pop = P,P-
pyrophosphite, P2O5H2

2−, X = Cl, Br, SCN, or py)46,50 that
exhibit red luminescence in an alcohol glass or in solid state at
low temperature and [{Pt(κ2-As,C-C6H3-5-CHMe2-2-
AsPh2)2X}2] (X = Cl, Br, I, CN)34 that emit in the visible to
near infrared (NIR) region even at room temperature.
In the course of our research on luminescent Pt(II) com-

plexes, with the aim of obtaining stable 3MMLCT emitters, we
prepared a new half-lantern Pt(II) complex [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2] containing benzo[h]quinoline (bzq) as the cyclo-
metalated ligand and 2-mercaptobenzothiazolate as the bridg-
ing group. The high quantum yield of its emission, its neutral
character, and thermal stability make it a good material for
application in the manufacturing of OLEDs. The interesting
luminescence properties of this complex have also been studied
by time-dependent-density functional theory (TD-DFT)
calculations. Furthermore, the two-electron-oxidized dinuclear
Pt(III) complexes [{Pt(bzq)(μ-C7H4NS2-κN,S)X}2] (X = Cl,
Br, I) have been prepared and their X-ray structures compared.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of [{Pt(bzq)(μ-

C7H4NS2-κN,S)}2]·Me2CO (1) and [{Pt(bzq)(μ-C7H4NS2-
κN,S)X}2] [X = Cl (2), Br (3), I (4)]. [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2]·Me2CO (1) was obtained by reaction of equimolar
amounts of KC7H4NS2 and [Pt(bzq)(NCMe)2]ClO4 in
acetone/methanol (2:1). Compound 1 precipitated in the
reaction mixture from which it was separated and recrystallized
as a pure orange-red solid. The presence of acetone in the
powdered samples of 1 is evident in its IR spectrum (υCO,
1704 cm−1), 1H NMR spectrum (2.12 ppm, 6H), and elemental

analysis (see the Experimental Section). The 1H NMR and
195Pt NMR spectra show the set of signals corresponding to the
half of the molecule indicating that compound 1 was isolated as
one single and symmetric isomer (the anti one). The X-ray molec-
ular structure of the dinuclear complex [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2] is shown in Figure 1, and selected bond distances and

angles are listed in Table 1. As can be seen, complex
[{Pt(bzq)(μ-C7H4NS2-κN,S)}2] is a neutral dinuclear species
of Pt(II) formed by two fragments “Pt(bzq)” doubly bridged by
two 2-mercaptobenzothiazolate (μ-C7H4NS2-κN,S) groups in

Figure 1. Molecular structure of the dinuclear complex in 1. Ellipsoids
are drawn at their 50% probability level; solvent molecules and
hydrogen atoms were omitted for clarity (a); X-ray packing view
showing intra- and intermolecular π−π interactions (b).

Table 1. Selected Bond Distances (Å) and Angles (deg) of 1

Pt1−C1: 1.993(3) Pt2−S1: 2.287(8)
Pt1−N1: 2.060(2) Pt2−C14: 1.997(3)
Pt1−N3: 2.135(2) Pt2−N2: 2.047(2)
Pt1−S3: 2.285(2) Pt2−N4: 2.129(2)
Pt1−Pt2: 2.9101(18)
C(1)−Pt(1)−N(1): 81.66(11) C(14)−Pt(2)−N(2): 82.57(11)
N(1)−Pt−N(3): 95.63(10) N(2)−Pt(2)−N(4): 93.59(9)
C(1)−Pt(1)−S(3): 94.78(9) C(14)−Pt(2)−S(1): 93.61(9)
N(3)−Pt(1)−S(3): 87.90(7) N(4)−Pt(2)−S(1): 90.11(7)
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such a way that the molecule shows an anti configuration and
an intermetallic separation of 2.910(2) Å. The Pt(II)···Pt(II)
separation is similar to that found in the syn-[Pt2(bpy)2-
(pyt)2]

40 and [Pt2(dtbpy)2(pyt)2]
41 complexes and is among

the shortest observed in half-lantern divalent platinum
complexes.35,38,40−43,45 This distance is longer than that found in
some full-lantern divalent platinum complexes, such as [Pt2(4-
mpyt)4](2.680(2) Å),

39 or [Pt2(CH3CSS)4](2.767(1) Å),
51 but

it is shorter than that observed in neutral 1D stacked square-
planar Pt(II) complexes (Pt···Pt, 3.09−3.50 Å).10,12−17,32,52

Each Pt(II) center coordinates to the two donor atoms of the
benzoquinolinate ligand (C, N) a N atom of one 2-mercapto-
benzothiazolate (NS2), and an S atom of the other one. Each
Pt(II) center shows a distorted square-planar environment with
the distortion mainly being due to the small bite angle of the
C,N-cyclometalated ligand [81.7(1)° Pt(1), 82.6(1)° Pt(2)].
This anti isomer has a head-to-tail configuration of the two
bridging NS2 groups with a 2-fold axis perpendicular to the
midpoint of the Pt(II)···Pt(II) line. Bond distances and angles
are similar to those observed in other Pt(II) complexes
containing bzq16,30,53,54 or N ̂S bridging ligands such as
pyridin-2-thiolate,35,39−41 or 2-mercaptobenzothiazolate.45 The
longer Pt−NN ̂S (2.135(2) Å Pt(1), 2.129(2) Å Pt(2)) distances
related to Pt−Nbzq ones (2.060(2) Å Pt(1), 2.047(2) Å, Pt(2))
agree with the larger trans influence of C with respect to S. The
platinum coordination planes are not completely parallel to one
another since the interplanar angle is 11.3(1)°. Regarding the
bzq groups, an anti arrangement of identical donor atoms is
found. Inside the complex, the two bzq are nearly parallel but
not eclipsed (torsion angle N(1)−Pt(1)−Pt(2)−N(2), 64.4(1)°)
presumably to minimize repulsions, as is usual in C,N-cyclo-
metalated compounds. The bzq groups are close to one another
with most C−C distances between 3.3 and 3.7 Å, which are
indicative of significant π−π interactions.16,17,35

The short Pt···Pt distance (less than 3.5 Å) and the per-
pendicularity between the Pt−Pt line and both metal coordina-
tion planes (angles = 6.9(1)°, Pt(1); 8.0(1)°, Pt(2)) suggest a
significant interaction of the 5dz2 orbitals of both platinum
centers. Within the crystal, weak intermolecular π···π
interactions give rise to the packing of the molecules by dimers
(Figure 1b) with many C−C distances between 3.65 and 3.78 Å.
As expected from the short Pt−Pt distance, compound 1 under-

goes two-electron oxidation upon treatment with halogens X2
(X2 = Cl2, Br2, or I2) to give the corresponding dihalodiplatinum(III)
complexes [{Pt(bzq)(μ-C7H4NS2-κN,S)X}2] (X = Cl 2, Br 3, I 4)
as yellow-brown, brown, and purple solids, respectively. Small and
similar changes in the IR and 1H NMR spectra of powdered
samples of 2−4 with respect to the starting complex, 1, indicate
that the resulting Pt(III) complexes are similar to each other, as
was confirmed by X-ray crystallography. The X-ray structures of 2,
3, and 4 can be seen in Figure 2a and in Figures S1a and S2a in
the Supporting Information, respectively, and a selection of bond
distances and angles in Table 2. They confirm the retention of the
half-lantern structure and the coordination mode of the bzq and
the bridging ligand μ-C7H4NS2-κN, S with respect to the starting
complex 1. Each Pt(III) center has a distorted octahedral environ-
ment with the axial positions occupied by an halogen atom (Cl 2,
Br 3, I 4) and the other Pt(III) center and with the X−Pt−Pt
angles being close to 173°. Compounds 2−4 show shorter Pt−Pt
distances than 1 because of the Pt−Pt bond existence (Pt−Pt =
2.6420(3) Å 2, 2.6435(4) Å 3, 2.6690(3) Å 4). These distances
are in the range of those observed in Pt2(III, III) complexes.

34−36,39,47

The trend of increasing Pt−Pt distances is in accordance with

the trans-influence of the axial ligand (Cl < Br < I),55 as was
previously observed in [Pt2(P2O5H2)4X2]

4‑ (X = Cl, Br, I),47

[Pt2(μ-κAs,κC-C6H3-5-CHMe2-2-AsPh2)4X2] (X = Cl, Br, I)34

or [Pt2(μ-κAs,κC-C6H3-5-Me-2-AsPh2)4X2] (X = Cl, Br, I).56

The Pt(III)−X distances are in the range of those found in
other complexes with this kind of ligand. In the dinuclear
Pt2(III,III) complexes 2−4, the two platinum coordination
planes are almost parallel, and the interplanar angle [4.2(1)° (2),
5.7(1)° (3) and 6.1(1)° (4)] is smaller than in the Pt2(II,II)
complex 1. Perpendicularity between the Pt−Pt line and both
of the Pt square coordination planes is higher than in complex 1,
the biggest angle being 3.6(1)° (linear Pt1−Pt2 and Pt1 plane
for compound 4).
The crystal packing of the dichloro complex, 2, is almost

equal to that observed in the starting Pt(II) complex (Figure 2b);
however, the crystal packing of complexes 3 and 4 are similar
but different from 1 and 2 with no π···π bzq intermolecular
interactions, as can be seen in Figures S1b and S2b in the
Supporting Information.

Photophysical and Computational Studies. Absorp-
tion Spectra. Electronic absorption spectra of 1 were recorded

Figure 2. Molecular and supramolecular structures of compound 2.
Ellipsoids are drawn at their 50% probability level; solvent molecules
and hydrogen atoms were omitted for clarity (a). X-ray packing view
showing intra- and intermolecular π−π interactions (b).
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in several solvents with increasing polarity (toluene, 2-Me-THF,
CH2Cl2, and DMF), and the data obtained are summarized in
Table 3. The spectra are shown in Figure 3. They reveal intense
absorptions (ε > 20 000 M−1 cm−1) at λ < 350 nm, attributable
to π−π* intraligand (IL, bzq, NS2) transitions (Figure S3 in the
Supporting Information) and some weaker absorptions at λ
values ranging from 350 to 450 nm, which are likely due to

admixtures of metal-perturbed intraligand transitions (1IL),
ligand-to-ligand charge transfer (LLCT), and metal-to ligand
charge transfer (1MLCT) transitions.16,30,57 In addition, they
show a less intense, low-energy feature, maximizing at ∼490−
500 nm, which could be assigned to metal−metal-to
ligand charge transfer (1MMLCT) [dσ*(Pt−Pt) → π*(bzq)]
transitions, which arose from the Pt···Pt interactions likely to

Table 2. Selected Bond Distances (Å) and Angles (deg) of 2, 3, and 4

2·2.5CH2Cl2 3·3CH2Cl2 4·3CH2Cl2

Pt(1)−C(1) 2.017(5) 2.026(6) 2.026(6)
Pt(1)−N(1) 2.087(4) 2.064(5) 2.078(5)
Pt(1)−N(3) 2.228(5) 2.198(5) 2.198(5)
Pt(1)−S(3) 2.3007(13) 2.3007(16) 2.3014(14)
Pt(1)−X(1) 2.4609(14) 2.5569(7) 2.7601(4)
Pt(1)−Pt(2) 2.6420(3) 2.6435(4) 2.6690(3)
Pt(2)−C(14) 2.031(5) 2.020(6) 2.017(6)
Pt(2)−N(2) 2.082(5) 2.065(5) 2.063(5)
Pt(2)−N(4) 2.198(4) 2.184(5) 2.192(5)
Pt(2)−S(1) 2.2986(14) 2.2884(15) 2.3031(14)
Pt(2)−X(2) 2.4512(15) 2.5985(7) 2.7518(4)
C(1)−Pt(1)−N(1) 81.84(19) 82.5(2) 81.9(2)
N(1)−Pt(1)−N(3) 96.15(17) 94.2(2) 95.6(2)
C(1)−Pt(1)−S(3) 94.35(15) 95.6(2) 94.65(18)
N(3)−Pt(1)−S(3) 87.73(12) 87.80(14) 87.88(13)
C(14)−Pt(2)−N(2) 82.4(2) 82.5(3) 81.9(2)
N(2)−Pt(2)−N(4) 95.78(17) 94.8(2) 94.13(19)
C(14)−Pt(2)−S(1) 94.27(16) 94.8(2) 95.82(18)
N(4)−Pt(2)−S(1) 87.53(12) 87.95(14) 88.21(13)
C(1)−Pt(1)−X(1) 86.46(16) 84.2(2) 84.03(17)
N(1)−Pt(1)−X(1) 89.51(13) 90.43(17) 90.97(14)
N(3)−Pt(1)−X(1) 94.65(13) 96.27(14) 96.90(13)
S(3)−Pt(1)−X(1) 86.41(5) 86.06(4) 85.39(4)
Pt(2)−Pt(1)−X(1) 174.17(3) 172.416(18) 171.681(13)
C(14)−Pt(2)−X(2) 86.38(16) 84.82(19) 83.14(18)
N(2)−Pt(2)−X(2) 89.20(13) 91.40(18) 90.72(13)
N(4)−Pt(2)−X(2) 93.83(13) 95.75(15) 97.87(13)
S(1)−Pt(2)−X(2) 85.66(5) 84.55(4) 86.04(4)
Pt(1)−Pt(2)−X(2) 173.86(4) 171.515(18) 171.620(13)

Table 3. Photophysical Data of 1

absorption 298 K λabs/nm (103 ε M−1 cm−1)

solid 326, 420sh, 500
2-Me-THF 10−4 M 296(32.9), 308(32.9), 322(29.2), 334(24.9), 342sh(23.8), 350sh(21.0), 389(9.3), 426(4.7), 496(2.9)
CH2Cl2 10

−4 M 298(34.1), 308(34.7), 322(30.7), 334(25.6), 342sh(24.6), 350sh(22.1), 388(9.4), 426(4.7), 487(2.9)
toluene 10−4 M 288(29.7), 300(32.7), 310(34.7), 322(32.4), 334(26.4), 342sh(25.7), 350sh(23.4), 394(10.7), 427(5.4), 500(3.1)
DMF 10−4 M 300 (30.0), 310 (30.9), 322 (28.1), 334 (24.0), 342sh (22.9), 350sh (20.2), 383 (8.4), 416 (4.7), 482 (2.6)

emission λexc(nm) λem(nm) [Φ] τ (μs)

solid 77 K 520 643 2.3
solid 298 K 550 665 1.9
PL in film 5 wt % complex in PMMA 386 628 [0.62]
CH2Cl2 10

−3 M 77 K 530 679 2.5
CH2Cl2 10

−3 M 298 K 530 679 0.1
CH2Cl2 10

−6 M 298 K 340 665 [0.19]
toluene 10−5 M 298 K 338 677 [0.44]
2-Me-THF 10−3M 77 K 445−480 600sh, 650sh,691max tail to 780

530 625sh, 650sh,692max tail to 780 5.8 (692)
2-Me-THF 10−3 M 298 K 400−520 681 0.7
2-Me-THF 10−4M 77 K 430 492, 527, 652max, 679 tail to 780 29.4 (71%), 147.6 (29%) (492);

5.3 (650)520 650max, 670 tail to 780
2-Me-THF 10−4 M 298 K 400−520 684
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have been affected by the π···π contacts in this diplatinum
(II,II) complex, 1 as in other dinuclear pyridinethiolate Pt(II)
complexes [Pt2L2(pyt)2].

35 In addition, our DFT calculations
(see Figure 4 and Tables S1 and S2 in the Supporting
Information) indicate the lowest unoccupied molecular orbital
(LUMO) is located on the bzq ligand and the HOMO to be
mainly a dz2 σ* Pt−Pt antibonding orbital, the H-1 orbital to be
composed of d(Pt) (27%)/p(S) (43%)/NS2−S (26%) and the
HOMO → LUMO, HOMO → L + 1, and H − 1 → LUMO to
be the main transitions involved in the S1, S2, and S3 calculated
excitation. It is for this reason that the lower energy absorption
band of 1 in solution could be mainly due to 1MMLCT
transitions with some 1MLLCT character. This lower
absorption band shows a modest negative solvatochromism
from toluene to DMF (see Table 3 and Figure 3) and follows
Beer’s law in the concentration range from 2 × 10−5 to 5 ×
10−3 M (Figure S4 in the Supporting Information), indicating
that aggregations of dimers do not occur within this range. The
similarity of the diffuse reflectance UV−vis spectrum (DRUV)
of a solid sample of 1 with its UV−vis spectra in solution
indicates nonsignificant structural changes or molecular
aggregation upon crystallization. Hence, analogous assignment
of the absorption bands can be performed.
Emission Spectra. Complex 1 exhibits red 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 1 in CH2Cl2 (10

−4 M) and 2-Me-THF (10−4 M) (Figure 5
and Figure S5 in the Supporting Information, respectively)
show quite similar, structureless profiles both in solution at 298
K and in the rigid matrix at 77 K upon excitation at a λ of ∼525
nm. DFT calculations on 1 show a good agreement among the
experimental excitation spectrum in CH2Cl2 monitored at λem =
680 nm and the lower energy excitation states (see Figure 4 and
Tables S1 and S2 in the Supporting Information), which allows
this emission to be attributed to 3MMLCT [dσ*(Pt)2 →
π*(bzq)] excited states. Excitation at 550 nm of powdered
orange-red samples of 1 at room temperature leads to an
intense structureless emission band, with its maximum at λmax =
665 nm (Figure 6) that becomes narrower and slightly blue-
shifted upon cooling to 77 K. We attribute this significant
decrease in the bandwidth at 77 K to a smaller distortion of

the excited state geometry with respect to the ground state at
this temperature (Franck−Condon principle). Luminescence

Figure 3. Normalized absorption spectra in different solvents (10−4 M)
and normalized diffuse reflectance UV−vis (DRUV) spectrum of 1 in the
solid state at room temperature. Side pictures: 1 in CH2Cl2 solution and
the solid state.

Figure 4. (a) Experimental excitation spectra of compound 1 in
CH2Cl2(10

−4 M) at 77 K (black) and calculated transitions in CH2Cl2
solution (red bars); (b) most important transitions (>95%) involved
in lower energy excited calculated states (S1, S2, S3).

Figure 5. Normalized excitation and emission spectra of 1 in
CH2Cl2(10

−4 M) at different temperatures.
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features as band shape, energy, lifetime, and small changes
observed upon cooling to 77 K are similar to those observed in
other stable diplatinum (II, II) systems with short Pt···Pt
contacts.29,34,35 Quantum yield determinations indicate that 1 is
a very good emitter at room temperature in solution and an
even better one in the solid state with quantum yields of 44% in
toluene solution and 62% in the solid state. When 1 is
compared with the closely related compounds, [{Pt(bzq)-
(pyt)}2] that is also a benzoquinolinate Pt(II) complex, with
pyridinethiolate as a four-bond bridging ligand, and [Pt(d-
t-bpy)(NS2)]2 (ClO4)2, which is a diimine complex containing
2-mercaptobenzothiazolate (μ-C7H4NS2-κN,S) as four-bond
bridging ligand, some differences can be found. The quantum
yields of the emission of 1, both in solution and in the solid
state, are considerably higher than those measured for the
analogous 3MMLCT emitter [{Pt(bzq)(pyt)}2], which reach
up to 14% in the solid state and there is almost no emission in
solution at room temperature.35 In the case of [Pt(d-t-bpy)-
(NS2)]2(ClO4)2,

45 a green emission from MLLCT excited
states instead of a red one from 3MMLCT is observed. Thus,
1 formed from “Pt(bzq)” and (μ-C7H4NS2-κN,S) as four-bond
bridging ligand has turned out to be a very efficient, stable
3MMLCT emitter, both in the solid state and in solution. In
addition, the thermo-gravimetric analysis (TGA) of 1-[OCMe2]
indicates that it is stable under argon at 1 atm to 350 °C
(Figure S6 in the Supporting Information) and then
presumably stable enough toward sublimation under vacuum
and suitable for the vapor deposition process required for
producing OLEDs. The neutral character of 1, its thermal
stability, and its quantum efficiency make it a potential
compound to be incorporated in multilayer OLEDs.5,58,59

The dimeric Pt(III) complexes 2−4 were nonemissive in the
visible region (up to 850 nm), as was expected in view of the
common behavior of d7−d7 complexes.34

Density Functional Theory Analysis. TD-DFT studies
performed on 1 provided a calculated structure (intermetallic
distance of 2.959 Å and a Nbzq−Pt−Pt−Nbzq torsion angle
of 60.2°, see Figure S7 and Table S3 in the Supporting
Information) that shows a good agreement with the
experimental one. Selected MOs of 1 involved in the main
excited states have been drawn in Figure S8 in the Supporting
Information, and their relative compositions in terms of
component fragments are listed in Table S2 in the Supporting
Information. Calculations on 1 show that the HOMO is mainly

a dz2 σ* Pt−Pt antibonding orbital (76%) with a small con-
tribution from the 6pz orbital (2%) and orbitals of the ligands
(12% bzq, 9% NS2) while the LUMO, L + 1, L + 2 are located
on the bzq ligand and are mainly ligand in character. Despite
the formal bond order of 0 between the metal atoms, the 6pz
contribution diminishes the antibonding character of the
HOMO (see Figure S8 in the Supporting Information) and
is responsible for an attractive intermetallic interaction.60 The
first excited state (T1) was also optimized, and it shows a very
similar structure (Table S4 in the Supporting Information) but
without symmetry and with a shortening of the Pt−Pt distance
from 2.959 Å in the ground state S0 to 2.760 Å in the excited
state T1, consistent with an increase in the Pt−Pt bond order to
0.5. Furthermore, the theoretical values for the S0 → S1 transi-
tion (∼537 nm) compare well with the lowest experimental
excitation band, as can be seen in Figures 4 and 6; its major
contribution involves the HOMO → LUMO (98%) transition,
which indicates its MMLCT character. The same character is
attributable to the S0 → S2 transition (∼462 nm) with a major
contribution from the HOMO → L + 1 (98%) transition.
Other calculated absorptions above 400 nm agree well with
experimental data and show a remarkable MMLCT character in
most of them. These calculations confirm that the emission of 1
at ∼650 nm, both in solution and in the solid state, takes place
from MMLCT excited states.

■ CONCLUSIONS

The half-lantern compound [{Pt(bzq)(μ-C7H4NS2-
κN,S)}2]·Me2CO (1) was obtained by reaction of equimolar
amounts of KC7H4NS2 and [Pt(bzq)(NCMe)2]ClO4. The
Pt(II)···Pt(II) separation in the neutral complex [{Pt(bzq)-
(μ-C7H4NS2-κN,S)}2] is 2.910(2) Å, this being among the
shortest observed in half-lantern divalent platinum complexes.
Compound 1 undergoes two-electron oxidation upon the treat-
ment with halogens X2 (X2 = Cl2, Br2, or I2) to give the cor-
responding diplatinum(III) complexes [{Pt(bzq)(μ-C7H4NS2-
κN,S)X}2] (X = Cl 2, Br 3, I 4). Their X-ray structures confirm
the retention of the half-lantern structure and the shortening of
the Pt−Pt distances (Pt−Pt = 2.6420(3) Å 2, 2.6435(4) Å 3,
2.6690(3) Å 4) with respect to 1 because of the Pt−Pt bond
formation.
TD-DFT studies performed on 1 show a formal bond order

of 0 between the metal atoms, with the 6pz contribution
being responsible for an attractive intermetallic interaction. A
shortening of the Pt−Pt distance from 2.959 Å in the ground
state S0 to 2.760 Å in the optimized first excited state (T1) is
consistent with an increase in the Pt−Pt bond order to 0.5. The
lower energy absorption band of 1 at room temperature (λmax
∼490 nm) seems to be mainly due to 1MMLCT transitions
with some 1MLLCT character and the intense, structureless red
emission mainly attributed to 3MMLCT [dσ*(Pt)2 → π*-
(bzq)] excited states, on the basis of the TD-DFT calculations.
The high quantum yields of the emissions measured in toluene
and solid state at room temperature indicate that 1 is a very
efficient and stable 3MMLCT emitter, even in solution. The
neutral character of 1, its thermal stability, the short lifetime,
and high luminescence quantum yield of its red emission make
it a potential compound to be incorporated in multilayer
OLEDs.
Similar works using 2-mercaptobenzoxazolate (NOS−),

2-mercaptopyrimidinate (N2S
−), and 2-mercapto-1-methyl-

imidazolate (Me-N2S
−) as bridging groups are in progress.

Figure 6. Normalized excitation and emission spectra of 1 in the solid
state at 298 and 77 K.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201910t | Inorg. Chem. 2012, 51, 3427−34353432



■ EXPERIMENTAL SECTION
General Procedures and Materials. Elemental analyses were

carried out with a Perkin-Elmer 2400 CHNS analyzer. 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
the Microflex matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) Bruker or an Autoflex III MALDI-TOF Bruker
instruments. Thermogravimetric analysis (TGA) was performed in the
range 20−600 at 10 °C/min under nitrogen atmosphere using a STD
2960 simultaneous DTA-TGA from TA Instruments. NMR spectra
were recorded on a Bruker ARX-300 or Bruker AV-400 spectrometer
using the standard references: SiMe4 for

1H and Na2PtCl6 in D2O for
195Pt. The 195Pt spectrum was proton-decoupled, J is given in Hz, and
assignments are based on 1H−1H correlation spectroscopy (COSY)
experiments. Diffuse reflectance UV−vis (DRUV) 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 a quartz window. Steady-state photo-
luminescence spectra were recorded on a Jobin-Yvon Horiba Fluorolog
FL-3-11 Tau 3 spectrofluorimeter using band pathways of 3 nm for
both 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 an IBH 5000F coaxial
nanosecond flashlamp. 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 and the thin film configuration
was determined using the quantum yield measurement system equip-
ped with an integrated sphere from Hamamatsu model C9920-01.
The starting material [Pt(bzq)(NCMe)2]ClO4 was prepared as

described elsewhere.57 C7H5NS2 and KOH were used as purchased
from Aldrich and Panreac, respectively.
KC7H4NS2. A solution of C7H5NS2 (0.591 g, 3.532 mmol)

in MeOH (5 mL) was added to a solution of KOH (0.198 g,
3.532 mmol) in MeOH (10 mL). The resulting yellow solution was
stirred for 30 min, and then the solvent was evaporated to dryness.
The residue was treated with iPrOH (2 mL), and the resulting yellow
solid was filtered and dried. Yield: 0.546 g, 75%. Anal. Calcd for
KC7H4NS2: C, 40.94; H, 1.96; N, 6.82. Found: C, 40.65; H, 1.98; N,
7.12. 1H NMR (acetone-d6, 400.15 MHz, 298 K): δ 7.37 (1H, d, J4′‑5′
7.8, H4′), 7.25 (1H, d, J7′‑6′ 7.8, H

7′), 7.04 (1H, dd, J6′‑5′ = J6′‑7′ 7.8, H
6′),

6.89 (2H, dd, J5′‑4′ = J5′‑6′ 7.8, H
5′). IR (cm−1): 1450 m, 1392 vs, 1377

vs, 1306 m, 1223 m, 1074 m, 1017 m, 998 s, 985 s, 934 m, 757 s, 748
vs, 724 vs, 656 m, 599 m, 440 m, 389 s, 379 s, 247 vs.
[{Pt(bzq)(C7H4NS2)}2]·Me2CO (1). A solution of KC7H4NS2

(0.095 g, 0.458 mmol) in MeOH (10 mL) was added to a yellow-
orange suspension of [Pt(bzq)(NCMe)2]ClO4 (0.254 g, 0.458 mmol)
in acetone (20 mL), and the reaction mixture was stirred for 2 h
(see Scheme 1). The resulting orange-red precipitate was filtered and
the solid was stirred in a mixture of acetone/MeOH (10/10 mL) for
45 min. Then, the solid was filtered and washed with MeOH (1 ×
2 mL), Et2O (2 × 2 mL) and dried yielding 1 (0.202 g, 78%). Anal.
Calcd for Pt2C40H24N4S4·Me2CO: C, 42.24; H, 2.66; N, 4.93. Found:
C, 42.20; H, 2.27; N, 4.85. 1H NMR (CD2Cl2, 400.16 MHz, 298K):
δ 8.50−8.45 (2H, m, H4′), 7.71 (2H, dd, J2−4 0.9, J3−4 8.0, H

4), 7.69−
7.58 (6H, m, H2, H7′, H9), 7.29−7.21 (6H, m, H5, H5′, H6′), 7.07 (2H,
AB, J5‑6 8.7, H

6), 7.06 (2H, d, J7‑8 7.4, H
7), 6.93 (2H, dd, J8‑9 7.4, H

8),
7.80 (2H, dd, J2‑3 5.3, H3), 2.12 (6H, s, (CH3)2CO);

195Pt NMR
(CD2Cl2, 86.3 MHz, 298K): δ −3606.05. IR (cm−1): ν(CO) 1704
m, 1447 m, 1388 vs, 1326 m, 1247 m, 1082 m, 1026 s, 1009 s, 827 s,
818 s, 766 m, 751 vs, 723 m, 710 vs; ν(Pt−S) 400 s.
[{Pt(bzq)(C7H4NS2)Cl}2] (2). A solution of Cl2 in CCl4 0.25 M (1.1

mL, 0.275 mmol) was added to an orange suspension of 1 (0.266 g,
0.234 mmol) in CH2Cl2 (5 mL) and the resulting red solution was
stirred for 45 min, while a yellow-brown solid was precipitated. Then,
Et2O (10 mL) was added to the reaction mixture and the solid was
filtered, washed with Et2O (2 × 2 mL) and dried to the air, yielding

complex 2 (0.233 g, 86%). Anal. Calcd for Pt2C40H24-
N4S4Cl2·0.5CH2Cl2: C, 40.79; H, 2.11; N, 4.70. Found: C, 40.70; H,
2.19; N, 4.62. 1H NMR (CD2Cl2, 300.13 MHz, 193 K): δ 8.42 (2H, d,
J4′‑5′ 8.1, H

4′), 7.85 (2H, d, J7′‑6′ 7.9, H
7′), 7.60 (2H, d, J4‑3 7.8, H

4), 7.47
(2H, dd, J9‑7 1.4, J9‑8 6.6, H

9), 7.42−7.27 (10H, m, H2, H5, H8, H7,
H6′), 7.22 (2H, dd, J5′‑4′ 7.9, J5′‑6′ 7.9 H5′), 7.16 (2H, AB, J6‑5 8.8, H

6),
6.57 (2H, dd, J3‑2 5.5, H

3). IR (cm−1): 1572 m, 1450 m, 1409 m, 1392 s,
1326 m, 1229 m, 1086 m, 1034 s, 1018 s, 928 m, 828 s, 818 m, 753
vs, 722 m, 710 vs, 512 m; ν(Pt−S) 436 s.

[{Pt(bzq)(C7H4NS2)Br}2] (3). 3 was prepared in the same way as 2,
starting from Br2 (solution in CH2Cl2, 0.25 M, 0.6 mL, 0.150 mmol); 1
(0.151 g, 0.133 mmol). Yield: (0.139 g, 85%). Anal. Calcd for
Pt2C40H24N4S4Br2· CH2Cl2: C, 37.20; H, 1.98; N, 4.23. Found: C,
37.13; H, 1.96; N, 4.21. 1H NMR (CD2Cl2, 300.13 MHz, 193 K): δ
8.40 (2H, d, J4′‑5′ 8.4, H

4′), 7.84 (2H, d, J7′‑6′ 7.6, H
7′), 7.60 (2H, d, J4‑3

8.3, H4), 7.46−7.25 (12H, m, H2, H5, H8, H7, H9, H6′), 7.24−7.13 (4H,
m, H5′, H6), 6.57 (2H, dd, J3‑2 5.3, H

3). IR (cm−1): 1573 m, 1450 m,
1409 m, 1391 s, 1326 m, 1227 m, 1139 m, 1110 m, 1085 s, 1033 vs,
1018 vs, 928 m, 827 vs, 818 m, 752 vs, 722 m, 709 vs, 511 m; ν(Pt−S)
436 s.

[{Pt(bzq)(C7H4NS2)I}2] (4). A solution of I2 (0.063 g, 0.248 mmol)
in CH2Cl2 (13 mL) was added drop by drop to an orange suspension
of 1 (0.159 g, 0.140 mmol) in CH2Cl2 (5 mL), and the resulting
garnet-red solution was stirred for 75 min, while a violet solid was
precipitated. The solvent was evaporated to ∼5 mL and Et2O (10 mL)
was added. The solid was filtered-off, washed with Et2O (4 × 5 mL),
and dried, yielding 4 (0.167 g, 89%). Anal. Calcd for Pt2C40H24-
N4S4I2·3 CH2Cl2: C, 32.53; H, 1.90; N, 3.53. Found: C, 32.38; H, 1.66;
N, 3.80. 1H NMR (CD2Cl2, 300.13 MHz, 193 K): δ 8.31 (2H, d, J4′‑5′
8.5, H4′), 7.87 (2H, d, J7′‑6′ 7.8, H

7′), 7.65 (2H, d, J4‑3 8.4, H
4), 7.45−

7.19 (16H, m, H2, H5, H6, H7, H8, H9, H5′, H6′), 6.62 (2H, dd, J3‑2
6.0, H3). IR (cm−1): 1571 m, 1449 m, 1407 m, 1392 s, 1325 m, 1228 m,
1138 m, 1109 m, 1084 s, 1030 vs, 1018 vs, 928 m, 827 vs, 817 m, 752
vs, 731 m, 709 vs, 509 s; ν(Pt−S) 438 m.

X-ray Structure Determinations. Crystal data and other details
of the structure analyses are presented in Table 4. Suitable crystals for
X-ray diffraction studies were obtained by slow diffusion of diethyl
ether (1) or n-hexane (2−4) 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 = 0.71 073 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.61 The structures were solved by Patterson and Fourier
methods and refined by full-matrix least-squares on F2 with SHELXL-
97.62 All non-hydrogen atoms were assigned anisotropic displacement
parameters and refined without positional constraints, except as noted

Scheme 1. Reactions and Numerical Scheme for 1H NMR
Purpose of 1−4
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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 (1.5 times for the methyl
hydrogen atoms). In the structure of 3·3CH2Cl2, the dichloromethane
solvent molecules were very diffuse and restraints in their geometry
and thermal parameters were used. Full-matrix least-squares refine-
ment of these models against F2 converged to the final residual indices
given in Table 4.
Computational Details. The computational method used was

density functional theory (DFT) with the M06 hybrid functional,63

using the Gaussian 0964 program package. The basis set used was
the LanL2TZ(f) effective core potential for the platinum atoms and
6-311G(d,p) for the remaining atoms. Geometry optimizations were
performed in the presence of dichloromethane with the polarizable
continuum model (PCM), using the integral equation formalism
variant (IEFPCM). TD-DFT calculations were also carried out using
the same solvation model, as implemented in the Gaussian 09
software.
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