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Abstract

:

We herein report on the synthesis and structural characterization, as well as on the photophysical properties, of a series of isoleptic Pt(II) and Pd(II) complexes featuring tridentate N^N^N chelators as luminophores while bearing diverse ancillary co-ligands. Six new palladium complexes were synthesized using 2,6-bis(3-(tert-butyl/trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine (tbu or CF3, respectively) in combination with four distinct ancillary ligands, namely: 4-amylpyridine (AmPy), 2,6-dimethylphenyl isonitrile (CNR), triphenylphosphane (PPh3), and 1,3,5-triaza-7-phosphaadamantane (PTA). Thus, two novel Pt(II) complexes incorporating the co-ligands CNR and PTA were explored. The remaining platinum-based complexes, namely CF3-Pt-AmPy, tbu-Pt-AmPy, CF3-Pt-PPh3, and tbu-Pt-PPh3, were re-synthesized according to our previous work for a systematic comparison with their Pd(II) homologues. Thus, photophysical studies were performed in different solvents and conditions. The Pt(II) complexes demonstrated comparable or superior photophysical characteristics in toluene when compared with their solutions in liquid dichloromethane at room temperature. In contrast, the Pd(II) complexes exhibited no significant photoluminescence in dichloromethane, but a surprisingly clear emission was observed for tbu-Pd-AmPy, tbu-Pd-CNR, and tbu-Pd-PPh3 in liquid toluene at room temperature. The significant differences regarding excited state lifetimes and photoluminescence quantum yields underscore the impact of solvent selection on photophysical characteristics, emphasizing the need to consider metal-ligand interactions, as well as the surrounding microenvironment, for a comprehensive interpretation of their photophysical properties. In addition, it is clear that AmPy and CNR render better luminescence efficiencies, whereas PTA is only suitable in toluene.






Keywords:


Pt(II) and Pd(II) complexes; synthesis; structural characterization; steady-state and time-resolved photoluminescence spectroscopy












1. Introduction


The excited-state properties of heavy transition metal complexes render them useful for organic light-emitting diodes, molecular bioimaging, and photodynamic therapy, among other applications [1,2,3]. Luminescent complexes of late transition elements featuring d6, d8, and d10 electronic configurations present ultra-fast intersystem crossing rates, microsecond-range emission, and highly oxygen-sensitive phosphorescence in the visible part of the electromagnetic spectrum with up to 100% singlet oxygen quantum yields [4,5]. Among them, luminescent platinum complexes have gained widespread attention due to their applications in the broad fields of optoelectronics [6,7,8] and biology [9,10]. Notably, Pt(II) complexes have found use as antineoplastic drugs and as contrast agents in bioimaging [11,12].



Pt(II) ions possess a d8 electronic configuration and predominantly adopt square-planar coordination environments. Several studies have focused on the coordination of tridentate ligands and transition metals to form pincer-type complexes. This structure provides enhanced stability to coordination compounds against biochemical and ligand exchange reactions, while combining the properties of metal centers with organic scaffolds [13,14]. Highly luminescent coordination compounds have been achieved with the use of bidentate [15,16,17,18,19] and tridentate ligands [20,21,22], enhancing their applicability in diverse fields. As the rigidity and the chelate effect increase, the non-radiative deactivation is reduced, thus resulting in higher photoluminescence quantum yields and longer lifetimes [23,24]. Furthermore, neutral Pt(II) complexes featuring luminophoric N^N^N chelators can be used as triplet emitters, with potential for blue electroluminescent devices [25]. Their substitution pattern plays a crucial role in determining whether Pt(II) or Pd(II) complexes are able to support monomeric ligand-centered triplet states (3MP-LC). These emissive states are described as admixtures of 3LC (ligand-centered states, i.e., π-π* configurations) and 3MLCT (metal-to-ligand charge-transfer states, i.e., d-π* configurations), which has been extensively documented for Pt(II) derivatives [26,27]. Additionally, Pt(II) complexes are noteworthy for their tendency to aggregate both in solids and solutions, leading to a red-shifted phosphorescence [28]. The self-assembly of luminescent alkynylplatinum(II) terpyridyl complexes has been comprehensively documented by Yam et al. [29]. The formation of metallo-gels, characterized by a low critical gelation concentration, is attributed to both π-π and Pt···Pt interactions, resulting in highly efficient aggregation [30]. Lo and Yam, among others, have leveraged the self-assembling properties of luminescent Pt(II) complexes in biosensing applications [31]. In a similar approach, Ruiz et al. have elucidated the self-assembly mechanism of Pt(II) complexes for the specific recognition of AT-rich DNA sequences, showcasing the versatile applications of this approach in molecular recognition [32].



While luminescent Pt(II) complexes are extensively available and used, their Pd(II) counterparts have been rarely explored. Their sparce representation in bibliographic literature can be attributed to the lower ligand-field splitting associated with Pd(II), due to the less diffuse nature of 4d orbitals when compared with the 5d counterparts in Pt(II) [33]. Consequently, Pd(II) complexes allow for the thermal accessibility of ligand-to-metal charge-transfer or metal-centered states (LMCT or MC, i.e., π/d-d* configurations), leading to the population of the antibonding dx2-y2 orbitals. This often results in non-radiative deactivation pathways through excited state distortion and conical intersections with the ground state. As a result, Pd(II) complexes generally show inferior luminescence efficiencies when compared with their Pt(II) analogues [34].



Despite the structural similarities between Pt(II) and Pd(II) complexes, their ligand exchange rates exhibit significant differences. Pd(II) complexes are reported to be more reactive than Pt(II) complexes in analogous environments [35]. Besides the fact that both Pt(II) and Pd(II) complexes exhibit interesting photophysical and photochemical characteristics, these properties can be fine-tuned by modifying the chelating unit or the ancillary ligands [36]. The organic ligand’s rigidity, combined with the square planar coordination geometry around the metal center, hinders competitive radiationless decay pathways. The use of anionic heteroaromatic ligands in the design of luminescent Pt(II) and Pd(II) complexes has gained considerable attention in this regard [37,38]. These ligands are favoured for their ability to impart structural rigidity, to establish a strong ligand field splitting, and to provide luminescent excited states [39,40]. Additionally, the nature of the monodentate ancillary ligand occupying the remaining coordination site on the metal center assumes a pivotal role in influencing solid-state aggregation and the support of intermolecular interactions within these coordination compounds [41].



Our previous work focussed on neutral platinum(II) complexes with the N^N^N chromophoric ligand motif, as initially introduced by Strassert, De Cola et al. [25,42,43]. These photoactive chelators exhibit notable attributes, including a strong ligand field splitting that precludes a fast thermal population of dissociative metal-centered states, thereby minimizing radiationless deactivation processes. Building upon these prior findings, we herein employed two established luminescent chelators, namely 2,6-bis(3-(tert-butyl/trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine, in combination with a broad range of ancillary ligands such as AmPy, CNR, PPh3, and PTA. This approach led to a series of isoleptic platinum(II) and palladium(II) complexes, with Pt(II) and Pd(II) centers serving as perturbative metal ions.



The main objective of this work is to assess how the choice of d8-coordinated metal centers influences the photophysical properties when exposed to two different solvents at room temperature (DCM and toluene) and at 77 K in frozen glassy matrices (DCM/MeOH at a 1:1 volume ratio). A comprehensive range of photophysical properties were examined, including photoluminescence quantum yields (ΦL), phosphorescence lifetimes (τ), as well as radiative and radiationless deactivation rate constants (kr and knr, respectively).




2. Results and Discussion


2.1. Design, Synthesis, Purification, and Structural Characterization


The synthesis and characterization of a series of platinum(II) complexes, including CF3-Pt-AmPy, tbu-Pt-AmPy, CF3-Pt-PPh3, and tbu-Pt-PPh3, were carried out by optimizing previously established methodologies [25]. In order to ensure reproducibility and internal consistency, these Pt(II) complexes were freshly prepared, thoroughly purified and comprehensive characterization studies were carried out. To close the coordination sphere, a variety of ancillary ligands were explored. Planar AmPy and CNR ligands possessing conjugated π-systems [44] were chosen. Since complexes with planar ligands tend to form aggregates, phosphane-based ligands such as PPh3 and PTA were utilized as bulky units. Notably, PTA has been frequently employed in the development of anticancer complexes in previous studies [11]. The incorporation of N^N^N ligands featuring 1,2,4-triazoles with trifluoromethyl (CF3) or tert-butyl (tbu) moieties at the C3 position of the triazolato unit allowed for the fine-tuning of emission and aggregation properties (Scheme 1).



Two novel platinum(II) complexes, namely tbu-Pt-CNR and tbu-Pt-PTA, were synthesized using a reaction mixture comprising the metal salt K2[PtCl4], the chelating N^N^N ligand precursor, and the respective monodentate ancillary units. The synthesis involved overnight reflux in a THF-H2O mixture for tbu-Pt-CNR and in an acetonitrile (MeCN)/H2O mixture for tbu-Pt-PTA. The corresponding isoleptic Pd(II) complexes CF3-Pd-AmPy, tbu-Pd-AmPy, tbu-Pd-CNR, CF3-Pd-PPh3, tbu-Pd-PPh3, and tbu-Pd-PTA were obtained by replacing the platinum(II) salt with palladium(II) acetate (Pd(OAc)2). The reactions were conducted in 2-ethoxyethanol at 70 °C for CF3-Pd-AmPy, tbu-Pd-AmPy, and tbu-Pd-CNR, whereas CF3-Pd-PPh3 and tbu-Pd-PPh3 required a THF-H2O mixture; finally, tbu-Pd-PTA was synthesized in MeCN-H2O.



A detailed description of the reaction conditions, purification methods, 1H, 13C, 19F, 31P-, and 195Pt NMR spectroscopy, as well as mass spectrometric characterization can be found in the Supplementary Materials (S02, S14, and S41).




2.2. Photophysical Characterization


All the complexes were characterized in terms of UV-visible absorption, steady-state and time-resolved photoluminescence (PL) spectroscopies, including absolute photoluminescence quantum yields (ΦL) and the estimation of average radiative and radiationless deactivation rate constants. The photophysical properties were measured in diluted (c ≈ 1 × 10−5 M) solutions in DCM or in toluene at RT, as well as in frozen glassy matrices at 77 K (DCM/MeOH, 1:1). Interestingly, the Pd(II) complexes were comparatively less soluble in toluene than their Pt(II) counterparts, which is attributed to the weaker polarizability of the Pd(II) center when compared to Pt(II) [45]. The photophysical data are summarized in Table 1 and Table 2.



UV-vis absorption spectroscopy: The UV-visible absorption spectra of the Pt(II) and Pd(II) complexes show bands in the range from 230 nm to 450 nm (Figure 1 depicts the absorption spectra in DCM; the data in toluene are available in the Supplementary Materials, see Figure S78). According to bibliographic literature, the intense high-energy absorption bands can be assigned to spin-allowed transitions into 1LC states primarily involving the tridentate ligand [46]. In addition, the energetically lower bands between 350 nm and 450 nm are assigned to transitions involving 1MLCT and intra-ligand states [25]. However, it is noteworthy that the absorption bands are insensitive to the solvent’s polarity. This observation can be attributed to the primary LC character of the excited states, which have dipole moments resembling the ground state [47].



Time-resolved and steady-state photoluminescence spectroscopy: All compounds were characterized as liquid solutions in DCM and in toluene at RT; the corresponding emission spectra are shown in Figure 2. In both solvents, all compounds exhibited a well-defined emission spectrum showing the characteristic vibrational progression of complexes emitting from mainly ligand-centered states [22,48]. In DCM, tbu-Pt-AmPy, tbu-Pt-CNR, tbu-Pt-PPh3, and tbu-Pt-PTA show emission maxima peaking between 510 nm–517 nm, with photoluminescence quantum yields of 79%, 69%, <2%, and 20%, respectively (Figure 2A). CF3-Pt-AmPy shows a hypsochromic shift of the emission when compared with the other Pt(II) complexes, along with a decreased efficiency. This is attributed to the introduction of an electron-withdrawing group, which stabilizes the highest occupied molecular orbital (HOMO), leading to a blue-shifted emission where the consequently high-lying excited state enables the thermal population of dark MC states [49]. Thus, this complex exhibits lower emission intensities, with a photoluminescence quantum yield that falls below the experimental uncertainty. No photoluminescence was detected for CF3-Pt-PPh3 and for the Pd(II) complexes in liquid DCM solutions at RT, however.



In liquid toluene at RT, CF3-Pt-AmPy, tbu-Pt-AmPy, tbu-Pt-CNR, tbu-Pt-PPh3, and tbu-Pt-PTA show emission maxima peaking between 507 nm and 517 nm, comparable to those observed in DCM (see Figure 2C). The observed ΦL values in toluene were <2%, 89%, 77%, <2%, and 85%, respectively. In a comparative analysis, these ΦL either remained consistent, as in the case of CF3-Pt-AmPy and tbu-Pt-PPh3, or experienced substantial increases when compared with DCM. Even though the Pt(II) complexes exhibit a clear luminescence in both DCM and toluene at room temperature, a better resolved vibrational progression is discernible in toluene when compared with DCM. This phenomenon could be attributed to the weaker interaction of toluene with the excited state (as opposed to the more polar to DCM), which also diminishes the values of knr. As shown in Table 1 and Table 2, when toluene was used as the solvent instead of DCM, the kr values were nearly invariant, whereas the knr values dropped (especially when PTA is used). This solvent-related effect can also account for the fact that a sizeable emission in toluene is observed for CF3-Pt-PPh3 and for the Pd(II) complexes featuring tert-butyl substituents at the main luminophore (tbu-Pd-AmPy, tbu-Pd-CNR, and tbu-Pd-PPh3).





 





Table 1. Selected photophysical data for the Pt(II) complexes in liquid DCM at RT and in frozen glassy matrices of DCM/MeOH 1:1.






Table 1. Selected photophysical data for the Pt(II) complexes in liquid DCM at RT and in frozen glassy matrices of DCM/MeOH 1:1.





	
Compound

	
λabs/nm

	
RT-DCM

	
77 K-DCM/MeOH




	
ε/L mol−1 cm−1

	
λem/nm

	
τAr/μs a

	
τAir/μs a

	
ΦL (%) b

	
kr/104 s−1 c

	
knr/104 s−1 c

	
λem/nm

	
τ/μs






	
CF3-Pt-AmPy

	
302 (14,189)

254 (20,915)

	
462

	
0.179 ± 0.004 e

	
0.144 ± 0.006 e

	
<0.02

	
kr < 30

	
485 < knr < 498

	
454

	
8.73 ± 0.02 e




	
tbu-Pt-AmPy

	
314 (22,333)

265 (25,162)

	
510

	
12.44 ± 0.02 d

	
0.4069 ± 0.0005 d

	
0.79 ± 0.04

	
6.3 ± 0.3

	
1.7 ± 0.3

	
496

	
6.64 ± 0.02 e




	
tbu-Pt-CNR

	
309 (27,625)

	
515

	
13.7 ± 0.3 d

	
0.374 ± 0.003 d

	
0.69 ± 0.03

	
5.0 ± 0.3

	
2.3 ± 0.2

	
487

	
16.75 ± 0.02 e




	
CF3-Pt-PPh3

	
298 (17,684)

	
-

	
-

	
-

	
-

	
-

	
-

	
455

	
14.01 ± 0.02 d




	
tbu-Pt-PPh3

	
321 (13,569)

270 (20,523)

	
517

	
4.88 ± 0.07 e

	
0.23 ± 0.01 e

	
<0.02

	
kr < 1

	
21 < knr < 22

	
495

	
13.94 ± 0.04 e




	
tbu-Pt-PTA

	
318 (12,252)

270 (9893)

	
512

	
3.819 ± 0.003 d

	
0.408 ± 0.003 d

	
0.20 ± 0.02

	
5.2 ± 0.9

	
21 ± 1

	
490

	
15.70 ± 0.02 d








a For multi-exponential decays, the amplitude-weighted average lifetimes (τav_amp) are reported. b Quantum yields were measured in Ar-purged solutions. c The average rate constants were estimated according to kr = ΦL/τ and knr = (1 − ΦL)/τ employing amplitude-weighted average lifetimes, as recommended by Engelborghs et al. [50]. d Mono-exponential decays. e Bi-exponential decays.











These otherwise non-emissive complexes manifested a distinct emission spectrum with a well-defined vibrational progression in toluene (see Figure 2D). Conversely, the Pd(II) complexes bearing a CF3-substituent at the main ligand (CF3-Pd-AmPy, CF3-Pd-PPh3) do not exhibit any emission under any circumstance. Thus, it is clear that the electron-donating capacity of the tbu-moieties resulted in a marked improvement in emission efficiency, as opposed to those with the electron-withdrawing CF3-groups exhibiting a significantly faster nonradiative decay. This could be attributed to an elevation in the HOMO-LUMO gap with CF3, bringing the excited state in energetic proximity to dark MC states and rendering them thermally accessible with consequently increased knr values [25]. In addition, the radiative decay (kr) is diminished due to a weaker spin-orbit coupling for Pd(II). Thus, complexes with electron-withdrawing groups, particularly those containing a Pd(II) center, displayed lower emission efficiencies. Surprisingly, tbu-Pd-PTA does not show any significant emission, not even in toluene.



The emission spectra of CF3-Pt-AmPy, tbu-Pt-AmPy, tbu-Pt-CNR, CF3-Pt-PPh3, tbu-Pt-PPh3, and tbu-Pt-PTA at 77 K are shown in Figure 2B. The Pt(II) complexes exhibited a spectrum with well-defined vibrational progressions and excited-state lifetimes in the microsecond range (6.64–16.75 μs). The luminescence can be primarily attributed to triplet LC states with a perturbative MLCT character enabling the phosphorescence, which can be described as a metal-perturbed ligand-centered (3MP-LC) character.





 





Table 2. Selected photophysical data for Pt(II) and Pd(II) complexes in liquid toluene at RT.






Table 2. Selected photophysical data for Pt(II) and Pd(II) complexes in liquid toluene at RT.





	
Compound

	
λabs/nm

	
RT-Toluene




	
ε/L mol−1 cm−1

	
λem/nm

	
τAr/μs a

	
τAir/μs a

	
ΦL (%) b

	
kr/104 s−1 c

	
knr/104 s−1 c






	
CF3-Pt-AmPy

	
303 (15,738)

	
493

	
6.30 ± 0.05 e

	
0.0181 ± 0.0005 e

	
<0.02

	
kr < 0.33

	
14.8 < knr < 15.1




	
tbu-Pt-AmPy

	
313 (62,145)

	
507

	
10.54 ± 0.01 d

	
0.1843 ± 0.0001 d

	
0.89 ± 0.04

	
8.4 ± 0.4

	
1.0 ± 0.4




	
tbu-Pt-CNR

	
307 (18,168)

	
515

	
10.72 ± 0.02 d

	
0.258 ± 0.001 e

	
0.77 ± 0.04

	
7.2 ± 0.2

	
2.1 ± 0.2




	
CF3-Pt-PPh3

	
300 (20,782)

	
507

	
5.62 ± 0.07 f

	
0.42 ± 0.01 e

	
<0.02

	
kr < 0.39

	
17 < knr < 18




	
tbu-Pt-PPh3

	
287 (20,664)

317 (18,213)

	
511

	
2.77 ± 0.04 f

	
1.11 ± 0.06 f

	
0.11 ± 0.02

	
4.0 ± 0.9

	
32.1 ± 0.9




	
tbu-Pt-PTA

	
320 (11,146)

	
510

	
12.21 ± 0.02 d

	
0.170 ± 0.001 e

	
0.85 ± 0.04

	
7.0 ± 0.2

	
1.2 ± 0.2




	
tbu-Pd-AmPy

	
295 (15,632)

399 (2041)

	
513

	
3.59 ± 0.04 e

	
0.00382 ± 0.00004 f

	
<0.02

	
kr < 1.18

	
29 < knr < 30




	
tbu-Pd-CNR

	
282 (19,473)

412 (1863)

	
512

	
7.85 ± 0.02 d

	
0.0025 ± 0.0001 f

	
<0.02

	
kr < 0.55

	
12 < knr < 13




	
tbu-Pd-PPh3

	
289 (29,241)

	
516

	
5.1 ± 0.2 e

	
0.00228 ± 0.00004 f

	
<0.02

	
kr < 0.43

	
19 < knr < 20








a For multi-exponential decays, the amplitude-weighted average lifetimes (τav_amp) are reported. b Quantum yields were measured in Ar-purged solutions. c The average rate constants were estimated according to kr = ΦL/τ and knr = (1 − ΦL)/τ employing amplitude-weighted average lifetimes, as recommended by Engelborghs et al. [50]. d Mono-exponential decays. e Bi-exponential decays. f Tri-exponential decays.











Furthermore, in a rigid glassy environment at low temperatures, all the complexes exhibited hypsochromic shifts of their emission bands with respect to their maxima at RT. This rigidochromic effect indicates a reduction in the MLCT character, as the reorientation of the solvent dipoles is restricted [51]. In frozen matrices at 77 K, the Pd(II) complexes showed no measurable emission, most likely due to the reduced MLCT character, which, along a weaker spin-orbit coupling (when compared with their Pt(II) counterparts), hampers the radiative deactivation. Thus, as the emission process mostly relies on ligand-cantered (LC) states, and given the inherently weaker spin-orbit coupling, the relaxation of the excited state predominantly occurs by non-radiative pathways.





3. Methods and Materials


Materials: All commercially available chemicals and solvents were used as purchased. For the purification of the ligand precursors and complexes, silica gel 60 from Merck was used as the stationary phase in column-chromatographic separations.



Synthesis: A detailed description of the synthesis (experimental procedures, reaction conditions, and purification methods) can be found in the Supplementary Materials.



Structural characterization: All compounds were characterized by 1D-NMR experiments (1H, 13C, 13C{1H} DEPT135, and 195Pt) and 2D-NMR experiments (HH-COSY, HC-HSQC, HC-HMBC). The NMR spectra were recorded at the Institut für Anorganische und Analytische Chemie (Universität Münster) using a Bruker Avance III 400, Bruker Avance Neo 400, or a Bruker Avance Neo 500. All NMR measurements were performed at 300 K. The chemical shifts (δ) of the spectra are given in parts per million (ppm). The signals are referenced to the residual proton signal in the corresponding deuterated solvents: DCM-d2 (1H = 5.32 ppm/13C = 54.00 ppm), methanol-d4 (1H = 3.31 ppm/13C = 49.00 ppm) and DMF-d7 (1H = 8.03 ppm, 2.92 ppm, 2.75 ppm/13C = 163.15 ppm, 34.89 ppm, 29.76 ppm). The signal multiplicities are given as s (singlet), d (doublet), t (triplet), and m (multiplet). The mass spectrometric analysis was carried out at the Institut für Anorganische und Analytische Chemie (Universität Münster) using a Bruker Impact II with electrospray ionization (ESI) to obtain exact mass (EM) spectra for all compounds. The samples were dissolved in MeOH and injected with an autosampler using a mixture of MeOH and MeCN as the solvent. The corresponding NMR spectra are presented in the Supplementary Materials, as well as the mass spectra for all compounds (see Figures S1–S77).



Photophysical characterization: All metal complexes were analyzed by steady-state and time-resolved photoluminescence spectroscopy. Absorption spectra were measured with a Shimadzu UV-1900i UV-VIS-NIR spectrophotometer. All the solvents used were of spectrometric grade (Uvasol®). Photoluminescence quantum yields were measured using a Hamamatsu Photonics absolute PL quantum yield measurement system (C9920-02) equipped with a L9799-01 CW Xe light source (150 W), a monochromator, a C7473 photonic multi-channel analyzer, and an integrating sphere while employing the U6039-05 software (Hamamatsu Photonics, Ltd., Shizuoka, Japan).



Steady-state excitation and emission spectra were recorded on a FluoTime 300 spectrometer from PicoQuant equipped with a 300 W ozone-free Xe lamp (250–900 nm), a 10 W Xe flashlamp (250–900 nm, pulse width ca. 1 µs) with repetition rates of 0.1–300 Hz, a double-grating excitation monochromator (Czerny-Turner type, grating with 1200 lines/mm, blaze wavelength: 300 nm), diode lasers (pulse width < 80 ps) operated by a computer-controlled laser driver PDL-828 “Sepia II” (repetition rate up to 80 MHz, burst mode for slow and weak decays), two double-grating emission monochromators (Czerny-Turner, selectable gratings blazed at 500 nm with 2.7 nm/mm dispersion and 1200 lines/mm, or blazed at 1200 nm with 5.4 nm/mm dispersion and 600 lines/mm) with adjustable slit width between 25 µm and 7 mm, and Glan-Thompson polarizers for excitation (after the Xe-lamps) and emission (after the sample). A sample holder with a Peltier-cooled mounting unit ranging from −15 to 110 °C, along with two detectors (namely a PMA Hybrid-07 from PicoQuant with transit time spread FWHM < 50 ps, 200–850 nm, or a H10330C-45-C3 NIR detector with transit time spread FWHM 0.4 ns, 950–1700 nm from Hamamatsu), were used. Steady-state spectra and photoluminescence lifetimes were recorded in the TCSPC mode using a PicoHarp 300 (minimum base resolution, 4 ps) or in the MCS mode with a TimeHarp 260 (where up to several ms can be traced). Emission and excitation spectra were corrected for source intensity (lamp and grating) by standard correction curves. Lifetime analysis was performed using the commercial EasyTau 2 software (PicoQuant). The quality of the fit was assessed by minimizing the reduced chi-squared function (χ2) and visual inspection of the weighted residuals and their autocorrelation.




4. Conclusions


In this study, we describe the synthesis and photophysical characterization of N^N^N-coordinated Pt(II) and Pd(II) complexes. A comparative approach was employed involving isoleptic Pt(II) and Pd(II) complexes with identical luminophoric ligands bearing either tbu- or CF3-substituents, and the auxiliary ligand was varied (including AmPy, CNR, PPh3, and PTA). All the complexes were characterized by NMR spectroscopy and by mass spectrometry.



In general, the photophysical properties are predominantly dictated by metal-perturbed ligand-centered states. The Pt(II) complexes exhibited either similar or superior photophysical behavior in toluene compared to DCM. For the Pd(II) complexes and despite their better solubility in DCM than in toluene (yet always lower than the corresponding Pt(II) analogues), only the tbu-substituted compounds exhibited a measurable photoluminescence when analyzed in toluene, while they remained dark in DCM. This is attributed to a reduced interaction of toluene with the excited state, leading to a decrease of the knr values. Additionally, tbu-moieties destabilize the HOMO and, thereby, the energy of the emissive triplet state, which hampers radiationless deactivation paths avoiding the thermal population of dissociative MC states. At 77 K, emission was only observed for the Pt(II) complexes due to the weaker spin-orbit coupling of encountered in Pd(II) complexes when the emission arises from almost purely LC states.



Based on these results, it is clear that CF3-groups impair the luminescence of monomeric species at RT (as previously described in the bibliographic literature by De Cola et al. [46,52,53]), whereas the best ancillary ligands in terms of efficiency are represented by AmPy, which is closely followed by CNR. It can be observed that phosphane-based ligands (PPh3 and PTA) do not significantly affect kr, but they do increase the knr values, resulting in lower emission efficiencies. On the other hand, it is observed that the knr value in the toluene of tbu-Pt-PTA is considerably lower than in DCM. This can be attributed to the dipole–dipole interactions between DCM molecules and the nitrogen atoms of the rigid PTA co-ligand, which is not the case in toluene. For PPh3 and in any solvent, the radiationless deactivation paths are rather fast, due to its bulky nature and high density of roto-vibrational degrees of freedom. Furthermore, it is interesting that toluene is able to switchon the emission of Pd(II) complexes at RT, most likely by reducing the coupling of solvent molecules with the emissive state.
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Scheme 1. Structural formulae and abbreviations of the complexes investigated herein. 
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Figure 1. Normalized absorption spectra of the Pt(II) complexes (left) and Pd(II) complexes (right) in liquid DCM at RT. The molar absorption coefficients can be found in Table 1. 
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Figure 2. Photoluminescence emission spectra: (A) CF3-Pt-AmPy, tbu-Pt-AmPy, tbu-Pt-CNR, tbu-Pt-PPh3, and tbu-Pt-PTA in liquid DCM at RT (λexc ranges between 320 nm and 350 nm); (B) CF3-Pt-AmPy, tbu-Pt-AmPy, tbu-Pt-CNR, CF3-Pt-PPh3, tbu-Pt-PPh3, and tbu-Pt-PTA at 77 K in frozen glassy matrices (DCM/MeOH 1:1, λexc ranges between 300 nm and 355 nm); (C) CF3-Pt-AmPy, tbu-Pt-AmPy, tbu-Pt-CNR, CF3-Pt-PPh3, tbu-Pt-PPh3, and tbu-Pt-PTA in liquid toluene at RT (λexc ranges between 320 nm and 355 nm); (D) tbu-Pd-AmPy, tbu-Pd-CNR, and tbu-Pd-PPh3 in liquid toluene at RT (λexc ranges between 320 nm and 350 nm). The spectra are normalized to the highest intensity (c ≈ 1 × 10−5 M). 
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