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Abstract: 

Four Pd(II) and Pt(II) complexes [M(C^N^N)Cl] (HC^N^N = 2-(6-phenylpyridin-2-yl)thiazoles) were synthesised, 

analysed and characterised using 1H NMR and MS in solution, as well as single crystal XRD in the solid. Cyclic 

voltammetry of the square planar complexes showed reversible or partially reversible reductions and irreversible 

oxidations. DFT calculations allowed assigning them to essentially metal-centred oxidations and ligand-centred 

reductions. Absorption spectra of the complexes show intense absorption bands into π-π* states in the UV to 

visible spectral range and long-wavelength bands which were assigned to transitions into mixed metal-to-ligand 

charge transfer (MLCT)/π-π* states, based on TD-DFT calculations. Comparison of Pt and Pd derivatives showed 

that the energy of the (MLCT)/π-π* bands are increased for Pd over Pt. This was also observed for the 

phosphorescence at 77 K and is attributed to the higher oxidation potential for Pd and supported by 

spectroelectrochemical measurements. The photoluminescence quantum yield (ΦL) drops drastically from Pt to 

Pd at room temperature, where only the two Pt(II) complexes are luminescent showing a broad unstructured 

phosphorescence from a 3MLCT state. At 77 K, the phosphorescence is blue-shifted and shows a clear vibrational 

progression, which is related to an enhanced ligand-centred character related to the lack of solvent stabilisation in 

the frozen matrix that otherwise increases the MLCT contribution. The Pd(II) complexes are not emissive at 298 K 

but luminesce at 77 K. This is due to metal-centred dissociative d-d* states that facilitate radiationless 

deactivation, which cannot be thermally populated at low temperatures. Thus, similar ΦL are observed in frozen 

glassy matrices for both metals. TD-DFT calculations provided insight into the excited states and showed that the 

substitution pattern does not affect the emission, due to the lack of participation of the phenyl unit in the orbitals 

that are relevant for the description of the emissive state. 
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1. Introduction 

The last two decades saw a tremendous development in the design and synthesis of cyclometalated Pt(II) and 

Pd(II) complexes for their use as triplet emitting materials.[1-22] The combination of the d8 configured metal ions 

and π accepting ligands (low lying π* orbitals) allows to generate and tune very long-lived metal-to-ligand 

(MLCT) excited states.[1-27] Heteroaromatic structures have turned out to be very useful allowing the fine-tuning 

of various mixed MLCT / π‒π* (IL) excited states.[1-27] Furthermore, rigidity of both the organic ligand and the 

square planar coordination around the metal are very important for efficient triplet emission since this helps 

avoiding effective radiationless decay.[7,10,16,18,19,21,22,25-30] Cyclometalated heteroaromatic ligands provide 

rigidity, a strong ligand field and suitable intraligand (IL) excited states and are thus frequently used.[1-30] 

Combined experimental / theoretical studies have related structural features with photoluminescence (PL) 

properties.[13,14,19-31] While structural (substitution) effects on the emission energy are today well understood 

through DFT modelling and emission energies can be almost deliberately tuned,[10,12,21,22,24,26,27,30] the PL 

efficiency, expressed as PL quantum yield (ΦL) are less predictable.[10,21,22,27,28] This is due to the complex 

composition and dynamic behaviour of the excited states of transition metal complexes.[21,22,32] 

Out of all the parameters crucial for the ligand-field splitting, the position in the periodic table is the most 

important one, but comparative studies with 4d and 5d metals from the same group are scarce.[4,6,11,15,32-47] In 

the last few years, we and others have devoted some work to this challenge and have managed to isolate and 

study isoleptic complexes of the group 10 metals Pt and Pd in their oxidation state +II.[33,35,37,39-47] 

Herein, we report a study using the two metals and two different cyclometalating C^N^N ligands based on 2-(6-

phenylpyridin-2-yl)thiazoles (Scheme 1). They represent the variation of the central pyridine to phenylpyridine 

and 3,5-(bis-tBu)phenylpyridine which had turned out to be beneficial for the ability of such cyclometalated 

complexes for efficient triplet emission.[8,10,18,28-30] We studied the electrochemical and photophysical 

properties of the isoleptic Pd and Pt complexes in comparison. Important insight into the excited states properties 

and dynamics came from TD-DFT calculations. 
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Scheme 1. Schematic representation of the [M(C^N^N)Cl] complexes. 

 

2. Experimental 

 

2.1 General information 

Commercially available reagents from Merck, abcr, Apollo or Alfa Aesar were used without further purification. 

Acetone was dried over molecular sieves and distilled. THF for electrochemical experiments was dried over Na/K 

alloy and distilled. All reactions and measurements involving metal complexes were conducted under argon, 

using standard Schlenk techniques. The protoligands (ligands prior to deprotonation) and the complexes are air-

stable solids. 

 

2.2 Syntheses 

2.2.1 Syntheses of ligand precursors and protoligands 

The synthesis and detailed characterisation of the ligand precursors and the protoligands is provided in the 

Supplementary Material. 

2.2.2 Synthesis of the complexes 

Syntheses of the Pd complexes [Pd(C^N^N)Cl] - General description. 

1 eq. of the HC^N^N protoligand was dissolved in MeCN and 1 eq. K2[PdCl4] was added. The resulting off-white 

precipitate dissolved within a few seconds. The now brownish solution was heated to 90 °C. After the formation 

of a bright yellow precipitate the mixture was stirred at 90 °C for another 30 min. After cooling to ambient 

temperature, the solid was filtered off and washed with H2O and MeCN. The yellow product was dried under 

reduced pressure for at least 3 h. 

6-(phenyl-2-ide)-2-thiazolylpyridine-chlorido-palladium(II) [Pd(ph(py)tz)Cl]. From 238.3 mg (1 mmol) 6-

phenyl-2-thiazolylpyridine, 326.4 mg (1 mmol) K2PdCl4, 25 mL H2O + 25 mL MeCN. Yield: 346.6 mg (0.91 mmol, 

91%) yellow solid. Anal. Calc. for C14H9ClN2PdS (379.17) C: 44.35, H 2.39, N: 7.39, S: 8.46. Found C: 44.38, H: 2.35, 
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N: 7.34, S 8.39%. 1H NMR: (600 MHz, DMSO-d6) δ = 8.21 (d, 1H, J = 3.2 Hz), 8.07 (t, 1H, J = 7.9 Hz), 8.01-7.89 (m, 

2H), 7.84 (d, 1H, J = 3.2 Hz), 7.58 (dd, 1H, J = 7.2 Hz), 7.48 (dd, 1H, J = 7.2 Hz), 7.15-7.02 (m, 2H) ppm. 13C NMR: 

(151 MHz, DMSO-d6) δ = 166.85 (q), 164.00 (q), 153.41 (q), 149.42 (q), 147.69 (q), 142.04, 141.22, 136.38, 130.23, 

126.42, 125.46, 125.35, 120.35, 120.22 ppm. EI-MS(+) (70 eV) m/z = 381 [M+H]+, 344 [M-Cl+H]+. 

6-(pheny-2-ide)-2-thiazolyl-4-(3,5-(di-t-butylphen-1-yl)pyridine-chlorido-palladium(II) [Pd(ph(tbppy)tz)Cl]. 

From 426.6 mg (1 mmol) 6-phenyl-2-thiazolyl-4-(3,5-di-t-butylphen-1-yl)pyridine, 326.4 mg (1 mmol) K2PdCl4, 

25 mL H2O + 55 mL MeCN. Yield: 436.6 mg (0.77 mmol, 77%) yellow solid. Anal. Calc. for C28H29ClN2PdS (567.48) 

C: 59.26, H 5.15, N: 4.94, S: 5.65. Found C: 59.38, H: 5.25, N: 4.94, S 5.63%. 1H NMR: (600 MHz, DMSO-d6) δ = 8.21 

(d, 1H, J = 3.2 Hz), 8.17 (d, 1H, J = 1.5 Hz), 8.09 (d, 1H, J = 1.5 Hz), 7.79 (dd, 2H, J = 7.0 Hz), 7.74 (d, 2H, J = 1.8 Hz), 

7.59 (t, 1H, J = 1.7 Hz), 7.44 (dd, 1H, J = 7.6 Hz), 7.07 (td, 1H, J = 7.4 Hz), 6.99 (td, 1H, J = 7.4 Hz), 1.40 (s, 18H) ppm. 

13C NMR: (151 MHz, DMSO-d6) δ = 166.9 (q), 164.0 (q), 153.5 (q), 153.4 (q), 151.8 (q), 149.6 (q), 147.8 (q), 141 .8, 136.4 

(q), 136.2, 130.0, 126.3, 125.9, 125.0, 124.3, 122.5, 118.5, 118.0, 40.3, 35.4, 31.7 ppm. EI-MS(+) (70 eV): m/z = 569 

[M+H]+, 532 [M-Cl+H]+. 

Synthesis of 6-(phenyl-2-ide)-2-thiazolylpyridine-chlorido-platinum(II) [Pt(ph(py)tz)Cl]. 119 mg (0.5 mmol) 6-

phenyl-2-thiazolylpyridine (Hph(py)tz) was dissolved in 12.5 mL MeCN and added to a solution of 208 mg 

(0.5 mmol) K2[PtCl4] in 12.5 mL H2O. The reaction mixture was heated up to 90 °C and stirred for 24 h leading to 

an orange precipitate. After cooling to ambient temperature, the solid was filtered off and washed with H2O and 

MeCN. The orange product was dried in vacuo. Yield: 148 mg (0.32 mmol, 63%). Anal. Calc. for C14H9ClN2PtS 

(467.83) C: 35.94, H 1.94, N: 5.99, S: 6.85. Found C: 35.95, H: 1.95, N: 6.00, S 6.86%. 1H NMR (600 MHz, DMSO-d6) δ 

= 8.37 (d, 1H, J = 3.2 Hz), 8.03 (t, 1H, J = 7.9 Hz), 7.98-7.96 (m, 2H), 7.86 (d, 1H, J = 7.9 Hz), 7.54 (dd, 1H, J = 0.8, 7.6 

Hz), 7.42 (dd, 1H, J = 0.8, 7.5 Hz, JPt-H = 42.3 Hz), 7.11 (dt, 1H, J = 1.2, 7.4 Hz), 7.05 (t, 1H, J = 7.4 Hz) ppm. HR-ESI-

MS(+): m/z = 460.01905 [M-Cl+N2]+ (calc. 431.010759), 431.01055 [M-Cl]+ (calc. 460.019583). 

Synthesis of 6-(pheny-2-ide)-2-thiazolyl-4-(3,5-di-t-butylphen-1-yl)pyridine-chlorido-platinum(II) 

[Pt(ph(tbppy)tz)Cl]. A mixture of 208 mg (0.5 mmol) K2[PtCl4] and 256 mg (0.6 mmol) Hph(tbppy)tz were 

suspended in acetic acid (60 mL). The mixture was heated up to 110 °C and stirring was continued for 3 d. After 

cooling the reaction mixture, the precipitate was filtered off and washed with acetic acid, water and diethyl ether. 

The orange product was dried in vacuo. Yield: 247 mg (0.4 mmol, 80%). Anal. Calc. for C28H29ClN2PtS (656.15) C: 

51.25, H 4.46, N: 4.25, S: 4.89. Found C: 51.28, H: 4.44, N: 4.25, S 4.88%. 1H NMR (600 MHz, CD2Cl2) δ = 7.84 (d, 1H, 

J = 3.2 Hz), 7.71 (d, 1H, J = 3.2 Hz), 7.64 (t, 1H, J = 1.7 Hz), 7.57-7.56 (m, 3H, J = 1.7 Hz), 7.43-7.42 (m, 2H, J = 2.7 Hz, 

JPt-H = 45.3 Hz), 7.32 (dd, 1H, J = 1.4, 7.4 Hz), 7.05-6.99 (m, 2H, J = 3.2 Hz), 1.45 (s, 18H) ppm. EI-MS(+) (70 eV) m/z = 

656 [M]+, 426 [ph(tbppy)tz]+. 

 

2.3 Instrumentation 
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1H and 13C NMR spectra were recorded on a Bruker Avance II 300 MHz (1H: 300.13 MHz, 13C: 75.47 MHz) - 

double resonance (BBFO) 5 mm observe probehead with z-gradient coil, Bruker Avance 400 MHz (1H: 

400.13 MHz, 13C: 100.61 MHz) using a triple resonance 1H, BB inverse probe head or Bruker Avance II 600 MHz 

spectrometer (1H: 600.13 MHz, 13C: 150.93 MHz) with a triple resonance (TBI) 5 mm inverse probehead with z-

gradient coil using a triple resonance. The unambiguous assignment of the 1H resonances was obtained from 1H 

NOESY and 1H COSY experiments. All 2D NMR experiments were performed using standard pulse sequences 

from the Bruker pulse program library. Chemical shifts are relative to TMS respectively. UV-vis absorption 

spectra were recorded with Varian Cary 05E or Cary 50 scan spectrophotometers. PicoQuant Fluo-Time 300 

spectrometer was used for lifetime measurements. Lifetime analysis was performed using the commercial FluoFit 

software. The quality of the fit was assessed by minimising the reduced chi-squared function. Luminescence 

quantum yields were determined with a Hamamatsu Photonics absolute PL quantum yield measurement system 

(C9920–02), equipped with a L9799-01 CW Xenon light source, monochromator, photonic multichannel analyser 

and integrating sphere (uncertainty of roughly ± 2 % for ΦL is estimated). All solvents were of spectroscopic 

grade. Elemental analyses were obtained using a HEKAtech CHNS EuroEA 3000 analyzer. EI-MS spectra were 

measured with a Finnigan MAT 95, and HR-ESI-MS using a THERMO Scientific LTQ Orbitrap XL. MS 

Simulations were performed using ISOPRO 3.0. IR spectra were measured in ATR mode using a Perkin Elmer 400 

FT-IR spectrometer. Electrochemical measurements were carried out in 0.1 M nBu4NPF6/THF solution using a 

three-electrode configuration (glassy carbon working electrode, Pt counter electrode, Ag/AgCl reference 

electrode) and a Metrohm Autolab PGSTAT30 potentiostat and function generator or a SP-150 BioLogic 

potentiostat. The ferrocene/ferrocenium couple served as internal reference. UV-vis-spectroelectrochemical 

measurements (in 0.1 M nBu4NPF6/THF solution) were performed using an optically trans-parent thin-layer 

electrode (OTTLE) cell [48,49] at room temperature. 

 

2.3 Single Crystal X-ray Diffractometric Analysis 

XRD single crystal structure analysis for [Pd(ph(py)tz)Cl] (P21/c, No. 14) was performed using graphite-

monochromated Mo-Kα radiation (λ = 7.1073 Å) with an IPDS II (STOE and Cie.) diffractometer. The structure 

was solved by direct methods using SIR2014 [50] and refinement was carried out with SHELXL 2016 [51] 

employing full-matrix least-squares methods on F02 ≥ 2(F02). The non-hydrogen atoms were refined with 

anisotropic displacement parameters without any constraints. The hydrogen atoms were included by using 

appropriate riding models, full data in the Supplementary Material or can be obtained free of charge at 

https://summary.ccdc.cam.ac.uk/structures or from the Cambridge Crystallographic Data Centre, 12 Union Road, 

Cambridge, CB2 1EZ UK (fax: +44-1223 336033 or e-mail: deposit@ccdc.cam.ac.uk), CCDC 2006642. 

2.5 DFT calculations 

mailto:deposit@ccdc.cam.ac.uk
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The optimised geometries and the vibrational Franck–Condon spectra were determined with the quantum 

chemistry package Gaussian 09 Rev. D.01 [52] using the CAM-B3LYP functional [53] together with Grimme‘s D3 

dispersion correction with Becke-Johnson damping.[54] The SDD basis set applies an effective core potential for 

the Pt and Pd atoms,[55] while the D95 basis set is used for H, C, N, and O atoms.[56] 

To compute vibrational Franck–Condon spectra, the method of Barone et al.[57,58] with Kohn–Sham DFT-based 

geometry optimisations in the S0 and T1 states followed by frequency analysis calculations was used. 

All energy corrections were done by adding zero-point vibrational energies and thermal free energy 

contributions. To calculate the overlap integrals for the vibronic spectra, the transitions are divided into classes 

Cn, where n is the number of the excited normal modes in the final electronic state. The number of quanta per 

mode was limited to 100 while the number of quanta for combinations of two modes was restricted to 65. The 

maximum number of computed integrals was set to 1.5 × 108. A maximum of 20 classes was calculated. The line 

spectrum was broadened with the aid of gaussian functions with a half-width at half-maximum of 400 cm–1. 

The solvent CH2Cl2 was taken into account by the polarisable continuum model (PCM) in an integral equation 

formalism framework [59] with atomic radii from the universal force field model (UFF).[60] To characterise the 

emissive T1 state, the T1 geometry was first optimised with Kohn–Sham DFT with multiplicity 3 followed by TD-

DFT calculations of the T1 state. TD-DFT calculations of the 40 lowest excited singlet states were performed at the 

optimised S0 geometry with the PBE0 functional [61] and the SDD basis set to obtain the UV–vis absorption 

spectrum of the complexes [M(ph(py)tz)Cl] and [M(ph(tbppy)tz)Cl]. Finally, a Lorentzian broadening with a half-

width at half-maximum (HWHM) of 10 nm was used for each transition. 

 

3. Results and Discussion 

 

3.1 Synthesis and General Characterisation 

The protoligands (ligand precursors prior to cyclometalation) HC^N^N were assembled from corresponding 

Mannich bases or Chalcones using the versatile Kröhnke synthesis (details in the Supplementary Material). The 

Pt and Pd complexes were synthesised from the HC^N^N protoligands and K2[MCl4] (M = Pt or Pd) and the 

complexes were obtained in 63 to 91% yield as yellow to orange microcrystalline powders. The materials were 

analysed and characterised through elemental analysis, 1H NMR spectroscopy, and MS. Single crystal XRD of the 

complex [Pd(ph(py)tz)Cl] revealed the expected square planar geometry of these complexes and the binding 

through the N atom of the thiazol ligand moiety (Figure S8 and more details in the Supplementary data). The 

completely planar molecules stack in multiple ways in the crystal with π stacking interplanar distances of 3.89 

and 3.98 Å, short Pd…arene contacts of 3.64 Å. The Pd atoms show a zig-zag pattern with Pd…Pd contacts of 

4.7582(8) and 4.7561(8) Å (Figure S8) 
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3.2 Electrochemistry and DFT-calculated frontier orbitals of the complexes 

On first view, all the cyclometalated complexes showed a first reversible one-electron reduction wave at around ‒

1.7 V (Figure 1 and Figures S11-S14). The potentials are higher (less negative) for the Pt complexes (Table 1) 

compared with the Pd derivatives and slightly higher for the tBu-phenyl complexes. They are usually followed 

by a second fully or partly reversible reduction wave at potentials around ‒2.45 V. These potentials are quite 

invariant. Similar behaviour was observed for the protoligands HC^N^N at potentials lying about 0.7 V lower 

than those of the complexes (Figure S2 and Table 1). We assume essentially ligand-centred reduction processes, in 

line with reports of similar complexes.[8,10,62-67] Thus, the deprotonation, metal coordination and planarisation 

of the ligand markedly shifts the reduction potentials by 0.7 V to 0.8 V. This is more pronounced for Pt(II) than 

for Pd(II). On the anodic side, irreversible oxidations are recorded in the range 0.54 V to 0.87 V (Table 1). Since the 

potentials for the Pt complexes lie somewhat lower than those of the Pd derivatives we can assume metal 

(MII/MIII) based oxidation processes in line with previous reports.[8,10,62-67] 

According to our DFT calculations, the LUMO is slightly more stable (by 0.06 eV) in the Pt complexes, while the 

HOMO is considerably less stable by 0.23 eV than in the Pd complexes (see Table S6, for plots see Figure S15) 

completely in line with the observed trend in the reduction potentials. This leads to the HOMO-LUMO gap in the 

Pt complexes being smaller by 0.23 eV compared to the Pd complexes. The effect of the ligand (i.e. py vs. tbppy), 

on the other hand, is found to be considerably smaller, the LUMO being lower by 0.01 eV and the HOMO by 0.02 

eV with py. This is consistent with the small observed changes in the reduction potentials when changing from 

py to tbppy. 

1 0

E / V vs. ferrocene/ferrocenium

2 µA

-0.50.51.5 -1 -2

E / V vs ferrocene/ferrocenium

5 µA

-2.5-1.5-0.5

 

Figure 1. Cyclic voltammogramms of [Pd(ph(py)tz)Cl] in 0.1 M nBu4NPF6/solvent at 298 K and 0.1 V/s scan rate. 

Oxidations (left) in MeCN, reductions (right) in THF. 

 

Table 1. Redox potentials of HC^N^N protoligands and [M(C^N^N)Cl] (M = Pd or Pt) complexes.a 
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 Ox2 Epa Ox1 Epa Red1 E1/2 Red2 E1/2 ΔERed1‒EOx1 

Hph(py)tz - - –2.43 –3.32 - 

Hph(tbppy)tz - - –2.47 –3.37 - 

[Pd(ph(py)tz)Cl] 1.38 b 0.84 b ‒1.74  ‒2.44 2.58 

[Pd(ph(tbppy)tz)Cl)] 1.10 b 0.87 b ‒1.71 ‒2.45 2.58 

[Pt(ph(py)tz)Cl] > 1.3 c 0.64 c ‒1.66 ‒2.39 2.30 

[Pt(ph(tbppy)tz)Cl)] 1.14 c 0.66 c ‒1.65 c ‒2.35 c 2.31 
a From cyclic voltammetry, electrochemical potentials in V (uncertainties ~5 mV), half-wave potentials E1/2 for 

reversible redox waves and anodic peak potentials Epa for irrevsible oxidation waves; measured in 0.1 M 

nBu4NPF6/THF at 298 K, scan rate 100 mV/s. b Measured in MeCN. c Measured in CH2Cl2. 

 

The DFT calculated lowest unoccupied molecular orbitals (LUMO) of the complexes (Figure S15, compare also 

Figure 5) show contributions delocalised over the py-tz electron accepting part of the ligand and no contribution 

from the tBu2-phenyl substitutent, which is in line with our assumptions for reductions. The calculated highest 

occupied molecular orbitals (HOMO) of the complexes obtain their highest contributions from the phenyl group 

and the metal, but also a small contribution from the central pyridyl moiety. The contribution of the metal atom 

to this orbital is similar for both Pt and Pd. The difference in oxidation potential for the two Pd/Pt pairs can be 

explained by the difference in HOMO energies (see Table S6). For the HOMO-1 similar contributions were found, 

now with a marked contribution of the chloride coligand. The HOMO-2 is clearly centred on the metal and 

chloride coligand. 

 

3.3 UV-vis absorption / photoluminescence spectroscopy and TD-DFT calculations 

The absorption spectra of the Pt and Pd complexes are dominated by intense absorption bands into π-π* states, 

peaking in the UV to visible range (Figure 2). When comparing the absorption maxima, the bands of the Pt 

complexes are slightly red-shifted compared with the Pd derivatives. Based on comparison with similar 

complexes,[8-10,15,23,31,32] we attribute this to a marked MLCT character of the corresponding excited states, 

which are energetically lowered for the less electronegative metal centre (Pt is easier to be oxidised than Pd). 

Similar intense bands were also seen in the HC^N^N protoligands (Figure S1) and their overall appearance of the 

vibrational progression depends strongly on the type of ligand. 
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Figure 2. UV-vis absorption spectra (molar absorption coefficients as a function of wavelength) of the four 

complexes in fluid CH2Cl2 at RT. 

 

The long-wavelength absorption bands of the complexes reveal significant differences between the Pt and Pd 

derivatives. While the spectra of the Pt complexes are characterised by broad bands peaking around 450 nm with 

molar absorption coefficients of around 3500 M‒1.cm‒1, much weaker absorptions (shoulders) were observed for 

the Pd derivatives with markedly blue-shifted energies, when compared with the analogous Pt complexes (Table 

2). For the other maxima, similar blue-shifts were observed when comparing the peaks at 400 (Pd) vs. 420 nm (Pt) 

and 340 (Pd) vs. 370 nm (Pt). This effect is consistent with the higher oxidation potentials observed in this report 

and in previous studies [33,35] for the more electronegative Pd compared with Pt and the assumed partial MLCT 

character of the excited states,[21,25,31,33,42,44] very probably with markedly different MLCT character when 

two metals are exchanged. This is consistent with the different contributions of the metal to the HOMO as 

outlined above. Higher MLCT character of the long-wavelenth band for the Pt complexes contrast probably with 

higher L(Phenyl)L(py-tz)CT character for Pd. The same blue-shifts were observed also for the quite similar 

complex pair [M(phbpy)Cl] (Hphbpy = 6-phenyl-2,2’-bipyidine) and further isoleptic pairs of Pd and Pt 
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complexes.[42,47,67-69] Interestingly, the absorption energies ot the phbpy complexes are very similar to the 

corresponding [M(ph(py)tz)Cl] derivatives, thus the thiazol group does not differ largely from a pyridyl unit. 

 

Table 2. Selected photophysical data of [M(C^N^N)Cl] complexes. 

Complex [Pt(ph(py)tz)Cl] [Pt(ph(tbppy)tz)Cl] [Pd(ph(py)tz)Cl] [Pd(ph(tbppy)tz)Cl] 

λabs / nm (ε / 103 M-1 cm-1)a 
366 (11.1), 421 

(2.76), 436b (2.80) 

376 (10.8), 424 (3.66), 

446b (4.21) 

344 (9.62), 401 

(1.24), 423b (0.74) 

346 (13.5), 402 (1.78), 

427b (0.79) 

Fluid solution 

(CH2Cl2, 298 K) 

λexc / nm 294, 336, 370, 445 301, 340, 370, 446 n.d. n.d. 

λem / nm 605, 640 sh 608 n.d. n.d. 

τ / µse 

Airc 0.2452 ± 0.0018 0.275 ± 0.002 n.d. n.d. 

Ard 

0.602 ± 0.018 [1.30 ± 

0.16 (1); 0.594 ± 

0.005 (99)] 

0.714 ± 0.006 n.d. n.d. 

ΦL (± 

0.02) 

Airc < 0.02 0.03 n.d. n.d. 

Ard 0.05 0.07 n.d. n.d. 

Frozen glassy 

matrix 

(CH2Cl2/MeOH 

1:1, 77 K) 

λexc / nm 294, 327, 360, 422 300, 333, 360, 429 290, 327, 380, 422 301, 325, 426 

λem / nm 557, 605, 660 (sh) 557, 603, 662 sh 
520, 535, 558, 604, 

(672 sh) 
517, 557, 604, (660 sh) 

τ / µs 

3.17 ± 0.12 [3.65 ± 

0.03 (44); 2.80 ± 0.03 

(56)]f 

4.01 ± 0.13 [7.1 ± 0.3 

(5); 3.84 ± 0.04 (95)]f 

95 ± 4 [105.9 ± 1.0 

(74); 74 ± 3 (26)]g 

94 ± 3 [107 ± 1.0 (61); 

75 ± 2.0 (39)]g 

ΦL (± 0.1) 0.18 0.22 0.13 0.19 

a Measured in CH2Cl2. b Absorption maximum with the longest wavelength. c Aerated sample. d Deaerated sample 

(Ar-purged by bubbling for 20 min). e Photoluminescence decays measured detecting at 600 nm. f At 560 nm or;   g 

at 520 nm. For multiexponential decays, the amplitude-weighted average lifetimes are given as well as the 

different components in square brackets with relative amplitudes as percentages in parentheses. 

 

Figure 3 shows the photoluminescence (PL) spectra of the complexes, their photophysical properties are 

summarised in Table 2 (the complete set of spectra and photoluminescence decay plots are shown in Figure S20 – 

S31). For the complex [Pt(ph(py)tz)Cl] at room temperature, the emission spectrum shows a single broad 

(unstructured) band with λmax = 605 nm. This suggests, together with an excited state lifetimes (τ) of τ = 0.2452 µs, 

a clear overall MLCT character for the emissive state. The τ and ΦL increase in the deaerated solutions, pointing to 

a quenching of the excited triplet state (3MLCT) by 3O2. At RT, the Pd(II) complexes are non-luminescent. At 77 K 

in frozen glassy matrices, the λmax (557 nm) appeared strongly blue-shifted (Δλ = 48 nm) if compared with their 

Pt(II) analogues and showed clear vibrational progressions (Figure 3; left). τ and ΦL rise to τ = 3.17 µs and 

ΦL = 0.18. Due to the lack of solvent stabilisation, the excited states possess less MLCT character and a clear metal-

perturbed ligand-centred nature (3MP-LC) as an admixture of LC character with minor MLCT contributions, 

which explains the structured vibrational progression and prolongued lifetimes. 
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Figure 3. Left: Photoluminescence spectra (λexc = 350 nm) of [Pt(ph(py)tz)Cl] (blue) and [Pt(ph(tbppy)tz)Cl] (red) 

in fluid CH2Cl2 at 298 K (solid line) and in in a frozen glassy matrix (CH2Cl2/MeOH 1:1) at 77 K (dotted line). 

Right: Photoluminescence spectra (λexc = 350 nm) of [Pt[ph(py)tz)Cl] (blue), [Pd(ph(py)tz)Cl] (black) and 

[Pd(ph(tbppy)tz)Cl] (red) in a frozen glassy matrices (CH2Cl2/MeOH 1:1) at 77 K. 

 

The change of the substitution pattern [Pt(ph(tbppy)tz)Cl] has no significant effect on the emission maxima as 

well as on the radiative and radiationless deactivation rates, as the lifetimes and quantum yields remain invariant 

within the experimental uncertainty, both at RT and at 77 K. In fact, the change upon sustitution is only marginal 

at 77 K, reaching τ = 4.01 µs and ΦL = 0.22. Due to low-lying dissociative metal-centred d-d*-states related to a 

lower ligand field splitting, none of the Pd complexes shows detectable emission in fluid solutions at room 

temperature. On the other hand, at 77 K, the photoluminescence efficiency is comparable to the Pt complexes 

(ΦL[Pt(ph(tbppy)tz)Cl] = 0.22 vs. ΦL[Pd(ph(tbppy)tz)Cl] = 0.19). As in the case of the analogous Pt complexes at 77 K, the 

emission from the Pd complexes shows strong vibrational progressions (Figure 3; right). Due to the larger 

HOMO-LUMO gap of the Pd complexes, the emission appears blue-shifted (Δλ ≈ 30 nm), if compared with the 

emission of the corresponding Pt complexes. The extremely long excited state lifetime for the Pd complexes 

(τ[Pd(ph(py)tz)Cl] = 95.0 µs and τ[Pd(ph(tbppy)tz)Cl] = 94.1 µs) can be attributed to the lower spin-orbit coupling of Pd 

compared with Pt, which affects the radiative and radiationless deactivation rate constants to a similar extent, 

thus prolonging the lifetimes while leaving the quantum yields unaffected.[31] 

The different temperature-dependent photoluminescence behaviour of Pd and Pt complexes is in line with 

similar observations for related pairs of Pd and Pt complexes, especially for the very similar complexes 

[M(phbpy)Cl] (Hphbpy = 6-phenyl-2,2’-bipyidine) and derivatives.[42,47,67,68] In contrast to the absorption 

energies, the emission energies of the phbpy complexes are markedly blue-shifted compared to the ph(py)tz 

derivatives. E.g. [Pt(phbpy)Cl] shows a broad emission band with a maximum at 568 nm at 298 K in CH2Cl2 

solution [67] compared with 602 nm for [Pt(ph(py)tz)Cl] and the high-energy maximum at 538 nm in glassy 
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frozen CH2Cl2 for the phbpy complex is shifted to 557 nm for the ph(py)tz complex. Thus, from the emission 

experiments we conclude a red-shift of the bands when replacing the peripheral pyridine in phbpy through the 

thiazol in ph(py)tz Pt and Pd complexes. 

 

The left side of Figure 4 shows the TD-DFT calculated UV-vis absorption spectra of the complexes 

[M(ph(py)tz)Cl] and [M(ph(tbppy)tz)Cl]. The most intense absorptions are in the range of 210 nm – 350 nm 

which is in accord with the experimental data (Figure 2 and Table S4). The calculations also verify the 

experimentally found red shift which occurrs by changing the metal from Pd to Pt. As already discussed, the 

difference of absorption bands between Pt and Pd is particularly pronounced in the long wavelength range. For 

the complexes [M(ph(py)tz)Cl] broad bands were found at 400 nm for Pd and 430 nm for Pt, respectively. A 

closer look at the complexes [M(ph(tbppy)tz)Cl] reveals a peak at 408 nm for Pd and a peak at around 440 nm for 

Pt. [M(ph(py)tz)Cl] exhibits a small blue shift when compared with [M(ph(tbppy)tz)Cl]. 

 

   

Figure 4. Normalised TD-DFT calculated UV−vis absorption (left) and emission (right) spectra of all four 

complexes in CH2Cl2 at room temperature. 

 

The right side of Figure 4 contains the vibrationally resolved emission spectra at room temperature in CH2Cl2. 

First of all, the experimental result that the change of the ligand substitution pattern for Pt has no significant 

effect on the emission maxima was confirmed by TD-DFT calculations. Both shape and position are nearly the 

same for [Pt(ph(py)tz)Cl] and [Pt(ph(tbppy)tz)Cl]. For Pd the shape of the spectrum of [Pd(ph(py)tz)Cl] changes 

in comparison with [Pd(ph(tbppy)tz)Cl] while the relative intensity of the main maxima stays similar. The 

experimentally observed blue shift of the Pd complexes in comparison with the Pt derivatives is clearly 

confirmed by our TD-DFT calculations. 
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The most important frontier orbitals of the four complexes at the optimised T1 geometry are depicted in Figure 5 

(left: [M(ph(py)tz)Cl] and right: [M(ph(tbppy)tz)Cl]). All pictured orbitals have contributions from the ligands 

and also from the metal centre. The most significant contribution of metal orbitals for all complexes was found at 

the highest occupied molecular orbital (HOMO). A look at [M(ph(tbppy)tz)Cl] shows  pronounced delocalisation 

of the frontier orbitals over the luminophoric ligand, while the contributions on the auxiliary ligand are very 

small. Furthermore, the HOMOLUMO excitation is the highest monoelectronic contribution to the T1 state in all 

cases. Thus, the T1 state can be described as a combination of MLCT and IL character of the C^N^N ligand, with 

some charge transfer character from the phenyl ring to the thiazol moiety. This assignment is consistent with the 

spin density plots shown in Figure S32. 

 

     

Figure 5. DFT calculated frontier orbitals at the optimised T1 geometry (a) [Pd(ph(py)tz)Cl], (b) [Pt(ph(py)tz)Cl], 

(c) [Pd(ph(tbppy)tz)Cl] and (d) [Pt(ph(tbppy)tz)Cl] together with the contributions (>5%) to the T1  S0 state 

obtained by TD-DFT. 
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Figure 6. Partitioning of the [M(ph(py)tz)Cl] (left) and [M(ph(tbppy)tz)Cl] (right) complexes for the numerical 

analysis of MLCT, LMCT, LC and LLCT excitations shown in Fig. 7. 

 

 

Figure 7. Decomposition into contributions from MLCT, LMCT, LC and LLCT of the first six excited states (in 

energetical order from left to right) of complexes (a) [Pd(ph(py)tz)Cl], (b) [Pt(ph(py)tz)Cl], (c) 

[Pd(ph(tbppy)tz)Cl] and (d) [Pt(ph(tbppy)tz)Cl]  computed with the package TheoDORE [69]. 

 

With the aid of the package for Theoretical Density, Orbital Relaxation and Exciton analysis (TheoDORE) [69] a 

more detailed investigation of the excited state character is possible. Figure 7 shows the decomposition into 

contributions from MLCT, LMCT, LC and LLCT of the first six excited states according to the partitioning 

defined in Figure 6. It is important to realize that if one treated the entire ligand as a single entity, both LC and 

LLCT transitions would be described as IL transitions. From Figure 7 it becomes apparent that the Pd complexes 

have a smaller MLCT character (13-16%) than the Pt derivatives (25-28%). When the [M(ph(py)tz)Cl] complex is 

compared with [M(ph(tbppy)tz)Cl], the latter is the one with the slightly higher MLCT contribution (see Table 

S7). 

 

3.4 UV-vis spectroelectrochemistry 

UV-vis absorption spectroscopy during electrochemical reductions (spectroelectrochemistry, SEC) showed 

similar patterns for Pd and Pt complexes (Figure 7 and Figures S16-S19) as found for the corresponding 
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protoligands HC^N^N (Figures S4 and S17), which is in line with a ligand-centred reduction and in agreement 

with the assignment of the HOMO and LUMO (Section 3.2) and the optical transitions (Section 3.3). Importantly, 

for all complexes the first reduction occurs reversibly on the (slow) timescale of the SEC experiment, while the 

second appeared only partly reversible. 
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Figure 7. Changes in UV-vis absorption of [Pd(ph(tbppy)tz)Cl] (left) and [Pt(ph(tbppy)tz)Cl] (middle) during 

electrochemical reductions and [Pt(ph(tbppy)tz)Cl] during oxidations (right) in nBu4NPF6/THF 

(spectroelectrochemistry, SEC). 

 

During the oxidation of [Pt(ph(tbppy)tz)Cl], the long-wavelength bands at 370 nm and 450 nm disappeared 

(Figure 7), while the UV bands from 250 to 350 nm were only slightly modified. This is consistent with a metal-

centred oxidation and the assignment of the long-wavelength bands of the parent complex at 370 and 450 nm to 

pronounced MLCT bands and with the TD-DFT calculations (Section 3.3). Oxidation depletes the metal HOMO 

by one electron, thus decreasing and blue-shifting the MLCT band. 

 

4. Conclusions and outlook 

Remarkable differences in the electronic properties were found for four new Pd(II) and Pt(II) complexes 

[M(C^N^N)Cl] containing tridentate cyclometalating C(phen-ide)^N(py)^N(thiazole) ligands. The variation of 

the central pyridine (py) to 3,5-(bis-tBu)phenylpyridine (tbppy) for the same central metal (Pd or Pt) resulted in 

only marginal changes in the ligand-centred reductions, while changing from Pd to Pt led to a small anodic shift 

of about 50 mV consistent with the largely ligand-centred lowest unoccupied molecular orbitals (LUMO) 

resulting from DFT calculations. The oxidation potentials are again not very different when varying the ligand 

but showed a cathodic shift of about 200 mV - 300 mV when going from Pd to Pt. This is consistent with high 

metal contributions to the highest occupied molecular orbital (HOMO) and was confirmed through DFT. 

Consquently, the electrochemical HOMO-LUMO gap is decreased from 2.58 eV (Pd) to 2.32 eV (Pt). The long-

wavelength absorptions are blue-shifted for the Pd complexes compared with the Pt derivatives consistent with 

an enlarged HOMO-LUMO gap and thus in line with the electrochemical results. At ambient temperature the 
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two Pt complexes showed photoluminescence with broad unstructured bands centring at 600 nm. At 77 K in 

glassy frozen CH2Cl2/MeOH all four complexes were luminescent with broad bands showing pronounced 

vibrational progression. The emission energies of the Pd complexes are markedly blue-shifted compared with the 

Pt derivatives. TD-DFT calculations were able to confirm this blue-shift for both absorption and emission and 

showed that this shift goes along with a decreased MLCT contribution and an increased LLCT contribution for 

the Pd complexes compared with the Pt derivatives. UV-vis absorption spectroelectrochchemistry strongly 

support the assignments of ligand-centred reductions and a pronounce MLCT contribution to the long-

wavelenght absorption bands. 
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Appendix A. Supplementary data 

 

CCDC-2006642 for [Pd(ph(py)tz)Cl] contains the full crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Appendix A. Supplementary data 

Tables containing complete crystallographic and structural data were provided together with figures showing the 

crystal and molecular structure of [Pd(ph(py)tz)Cl]. NMR, UV-vis absorption and cyclic voltammogramms of all 

four complexes and the two protoligands were provided with data compiled in tables. Emission spectra with 

time-resolved luminescence decay and DFT calculated LUMO and HOMO compositions were also available. 

Supplementary data related to this article can be found at http://dx.doi.org/... 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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thiazol) were studied for their electronic properties in comparison 
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