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A tight binding pocket in photoluminescent
N^C^N cyclometalated Pt(II), Pd(II), and Ni(II)
complexes
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Pablo González-Herrero d and Axel Klein *a

In the frame of our research aiming to develop efficient triplet-emitting materials, we are exploring the

role of the second coordination sphere in enhancing the rigidity of structures and its controlling aspect

over the extents of excited state distortions. We thus synthesised three N^C^N cyclometalated complexes

[M(LBn)Cl] (M = Pt, Pd, and Ni), where the two ortho-positions of the pyridyl moieties in 1,3-di(2-pyridyl)-

benzene are benzyl substituted (Bn) forming a tight binding pocket for the metal and the Cl− ancillary

ligand. The molecular structures from single-crystal X-ray diffraction show a markedly distorted square

planar M(II) coordination with τ4 values of around 0.4. UV-vis absorption spectra show long-wavelength

bands in the range 350 to 5400 nm with the energies increasing along the series Ni < Pt < Pd. The Pt(II)

complex emits in solution at 298 K (λmax = 544 nm) and displays aggregated emission within poly(methyl

methacrylate) (PMMA) films at various concentrations at 298 K. The Pd(II) derivative exhibits a broad emis-

sion band at 77 K in a frozen glassy 2-MeTHF matrix, peaking at 530 nm. Very different from the Pt(II) and

Pd(II) spectra, the Ni(II) sample showed a broad emission with λmax = 699 nm at 77 K, with a quantum yield

of 20% and ms lifetime. TD-DFT calculated decomposition of the assumed emissive T1 state showed

similar 3MLCT character of about 30% for all three complexes, but marked differences in LC character of

about 38% for Pd and Pt and only 5% for Ni. In turn, for Ni the by far the highest MC character (42%) was

calculated which strongly speaks against triplet photoluminescence from the Ni(II) complex.

Introduction

Luminescent organometallic transition metal complexes with
efficient photophysical properties are widely explored for appli-
cations such as optoelectronics,1–6 photocatalysis,7–9 and
optical sensors.10–12 In contrast to the abundance of well-
known square-planar Pt(II) complexes with emissive
properties,1–8,11–17 the number of reported Pd(II) complexes
with similar emissive characteristics is notably lower,18–23 with
even fewer examples observed for Ni(II) complexes.23–29 From a
photophysical perspective, key challenges arise due to the
smaller spin–orbit coupling (SOC) and weaker ligand field,
which lead to energetically low-lying metal-centred (3MC)

excited states with respect to the electronic ground state.29–32

This is problematic, as the thermal population of 3MC states
would result in fast non-radiative deactivation.27,33–36 Another
significant concern, regardless of the type of the metal, stems
from the structural distortion encountered by the triplet (T1)
excited state relative to the singlet (S0) ground state. This dis-
tortion leads to the vibronic coupling of the T1 and S0 states,
ultimately causing rapid radiationless relaxation from the T1
state. The impact of this structural distortion is evident even
in Pt(II) complexes featuring tridentate cyclometalating
ligands, which inherently possess a stronger ligand field, yet
still experience detrimental effects on their luminescence
properties.13,37–40 Hence, the design of the ligands/coordi-
nation environment, modulates the structural and photo-
physical properties. In 2014, a series of Pt(II) complexes featur-
ing a doubly cyclometalating C^N^C ligand with phenyl and
bulky carboranyl fragment was reported. These complexes
display high luminescence quantum yields (ΦL), reaching
approximately 82% at ambient temperature, which is attribu-
ted to the suppression of non-radiative relaxation facilitated by
their rigid molecular structure.13 [Ni(dpb)(carbazolate)] (Hdpb
= 1,3-di-(2-pyridyl)-benzene; Scheme 1) has been reported as
the first phosphorescent cyclometalated Ni(II) complex, exhi-
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biting weak photoluminescence in the solid state at room
temperature, with an emission band peaking at 468 nm at
77 K.26 The emission was assigned to a metal-perturbed
ligand-centred (3LC or π–π*) excited state.26 In contrast, the
parent complex, [Ni(dpb)Cl], was found to be non-emissive.
The emission properties of [Ni(dpb)(carbazolate)] were attribu-
ted to the incorporation of a strong σ-donating carbazolyl
ligand at the Ni(II) centre, which suppresses the influence of
low-lying 3MC excited state that would otherwise lead to non-
radiative decay.26 A study on excited-state relaxation of 3MLCT
states in Ni(II) complexes reported varying lifetimes (τ) includ-
ing 0.5 ps for [Ni(bib)(CH3CN)]PF6, 17 ps for [Ni(bib)(Ln2)]
(PF6) and 48 ps for [Ni(bib)(Ln1)](PF6) (H3bib = 1,3-bis(3′-buty-
limidazolyl-1′-yl)benzene; Ln1 and Ln2: isocyanide ligands with
a m-terphenyl backbone) in aerated CH2Cl2 at 20 °C.27 The
findings suggest that the tridentate H3bib ligand (C^C^C) and
steric-protecting ancillary ligands offer a promising
approach to counteract the unwanted distortions in square-
planar coordination throughout the excited state relaxation
pathway.

Recent investigations into cyclometalated [M(dpb)X] com-
plexes (M = Pt, Pd, and Ni; X = triazolatoCOOCH3,COOCH3 or
triazolatoCoumarin,COOCH3; Scheme 1) have provided further
insight into their photophysical behaviour.28 While Pd(II) and
Pt(II) complexes exhibit luminescence originating from metal-
perturbed 3LC excited states, Ni(II) derivative with
triazolatoCOOCH3,COOCH3 coligand remain non-emissive at both
room and low temperatures. This non-radiative behaviour is
attributed to the presence of an accessible S1/S0 conical inter-
section, which facilitates efficient deactivation to the ground
state. Notably, [Ni(dpb)(triazolatoCoumarin,COOCH3)] deviates

from this trend, displaying phosphorescence from the T5 state
in frozen glassy matrix at 77 K (λem = 472 nm, τ = 147.8 µs).28

In our recent studies,22,29 we explored how non-covalent
interactions within the second coordination sphere influence
the photophysics of d8-configured metal complexes of Ni(II),
Pd(II), and Pt(II). Specifically, the introduction of NHR substitu-
ents into [M(LNHR)Cl] complexes, where LNHR represents
N^C^N cyclometalating dipyridyl-phenide ligands with NH
(C6H5) (LNHPh) and NH(CH2C6H5) (LNHBn), resulted in
NH⋯Cl⋯NH hydrogen bonds, acting akin to molecular locks
(Scheme 1). This approach of locking ligands minimised the
usually occurring geometry distortion between the S0 and T1

states, enabling Ni(II) derivatives to exhibit phosphorescence
in frozen glassy matrices at 77 K and in poly(methyl methacry-
late) (PMMA) matrix in the temperature range between 6 K and
300 K, with ΦL values exceeding 30% at 77 K.22,29

Building upon our earlier findings,22,29 our objective was to
assess how the rigidity of the structures would be affected by repli-
cating the steric bulk of the coordination environment without
the presence of NH⋯Cl⋯NH hydrogen bonds. Herein, we report
on the syntheses, structural characterisation, and photophysical
properties of three cyclometalated complexes [M(LBn)Cl] (M = Pt,
Pd, and Ni) with the bis-3-benzyl substituted dpb ligand
(Scheme 1).

Experimental section
Materials

Dry THF was obtained from distillation over Na/K alloy. [Ni
(COD)2] (COD = 1,5-cyclooctadiene) was obtained as previously

Scheme 1 Previously reported Ni(II), Pd(II), Pt(II) dpb complexes and scope of this report.
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reported.32 All other chemicals were used as received. The
ligand precursors HLBn and ClLBn were synthesised through
Suzuki cross coupling reactions in 82% and 72% yield
(Scheme 2, details in the SI).

Syntheses

Synthesis of the Pt(II) and Pd(II) complexes – general descrip-
tion. Modifying a previously reported method,41 a mixture of
1.0 eq. K2[PtCl4] or K2[PdCl4] and 1.0 eq. of the proto-ligand
HLBn was suspended in 8 mL glacial acetic acid and stirred at
110 °C for 3 d. The crude products were filtered off, washed
sequentially with glacial acetic acid, MeOH, H2O, EtOH, and
Et2O. Further purification was done by crystallising the pro-
ducts in DMSO and washing the crystals with cold acetone and
then n-pentane.

[Pt(LBn)Cl]. From K2[PtCl4] 0.180 g (0.44 mmol) and HLBn

0.181 g (0.44 mmol). Yield 0.175 g (0.27 mmol, 62%) orange-
yellow solid. 1H NMR (600 MHz, DMSO-d6, 298 K): δ = 8.03 (t, J =
7.7 Hz, 2H, H7), 7.97 (dd, J = 7.9, 1.6 Hz, 2H, H8), 7.70 (d, J = 7.7
Hz, 2H, H3), 7.44–7.40 (m, 4H, H12), 7.38 (dd, J = 7.7, 1.5 Hz, 2H,
H6), 7.29 (t, J = 7.7 Hz, 1H, H4), 7.24–7.19 (m, 4H, H13),
7.19–7.15 (m, 2H, H14), 5.27 (s, 4H, H10). 13C NMR (151 MHz,
DMSO-d6, 313 K): δ = 165.93 (C9), 165.65 (C5), 140.95 (C2), 139.95
(C7), 139.27 (C11), 128.96 (C12), 128.45 (C13), 126.18 (C14),
125.05 (C6), 124.78 (C3), 123.35 (C4), 117.44 (C8), 43.36 (C10),
40.06 (C1). HR-ESI MS(+): calcd for [C30H23N2Pt]

+ m/z =
605.14823; found m/z = 605.14855 [M − Cl]+. Elemental analysis
calcd (%) for C30H23ClN2Pt, M = 642.05 g mol−1: C, 56.12; H, 3.61;
N, 4.36. Found C, 56.44; H, 3.65; N, 4.46.

[Pd(LBn)Cl]. From K2[PdCl4] 0.160 g (0.49 mmol) and HLBn

0.202 g (0.49 mmol). Yield 0.163 g (0.29 mmol, 60%) yellow
solid. 1H NMR (600 MHz, DMSO-d6, 298 K): δ = 8.02 (t, J = 7.8
Hz, 2H, H7), 7.95 (dd, J = 7.9, 1.4 Hz, 2H, H8), 7.69 (d, J = 7.7
Hz, 2H, H3), 7.44–7.39 (m, 4H, H12), 7.32 (dd, J = 7.7, 1.4 Hz,
2H, H6), 7.29 (t, J = 7.7 Hz, 1H, H4), 7.26–7.23 (m, 4H, H13),
7.22–7.18 (m, 2H, H14), 5.04 (s, 4H, H10). 13C NMR (151 MHz,
DMSO-d6, 313 K): δ = 164.90 (C9), 163.11 (C5), 143.21 (2),
140.22 (7), 139.27 (C11), 128.99 (C12), 128.51 (C13), 126.26
(C14), 125.05 (C4), 125.01 (C6), 124.81 (C3), 117.32 (C8), 43.22
(C10), 40.06 (C1). HR-ESI MS(+): calcd for [C30H23N2Pd]

+ m/z =
516.09065; found m/z = 516.09156 [M − Cl]+. Elemental ana-
lysis calcd (%) for C30H23ClN2Pd, M = 553.39 g mol−1: C, 65.11;
H, 4.19; N, 5.06. Found C, 65.33; H, 4.21; N, 5.17.

Synthesis of the Ni(II) complex

Under an inert atmosphere, 0.355 g (0.79 mmol, 1.0 eq.) of the
ClLBn ligand precursor was dissolved in 12 mL of dry THF. The
reaction mixture was transferred in an ice bath at 0 °C and
0.284 g (1.3 mmol, 1.3 eq.) of [Ni(COD)2] was added. The solu-
tion turned from yellow to orange with red-orange precipi-
tation during 2 h. Then the solvent was removed and the
residue was washed with dry MeCN to remove unreacted
ligand and dried under vacuum. Yield 0.313 g (0.62 mmol,
78%) deep orange solid. 1H NMR (300 MHz, DMSO-d6, 298 K):
δ = 7.90 (t, J = 7.7 Hz, 2H, H7), 7.80 (dd, J = 7.9, 1.4 Hz, 2H,
H8), 7.58 (d, J = 7.6 Hz, 2H, H3), 7.49–7.39 (m, 4H, H12),
7.34–7.19 (m, 7H, H6 and H4 and H13), 7.02 (dd, J = 7.6, 1.4
Hz, 2H, H14), 4.64 (s, 4H, H10). HR-ESI MS(+): calcd for
[C30H23N2Ni]

+ m/z = 469.12092; found m/z = 469.12076 [M −
Cl]+. Elemental analysis calcd (%) for C30H23ClN2Ni, M =
505.66 g mol−1: C, 71.26; H, 4.58; N, 5.54. Found C, 71.18; H,
4.61; N, 5.57.

Instrumentation
1H and 13C spectra were recorded on a Bruker Avance II
300 MHz (1H: 300 MHz, 13C: 75 MHz) equipped with a double
resonance (BBFO) 5 mm observe probe head with z-gradient
coil, Bruker Avance III 500 MHz (1H: 500 MHz, 13C: 126 MHz),
and Bruker Avance II 600 MHz spectrometer (1H: 600 MHz,
13C: 151 MHz) with a triple resonance (TBI) 5 mm inverse
probe head with z-gradient coil using a triple resonance
(Bruker, Rheinhausen, Germany). The unambiguous assign-
ment of the 1H and 13C resonances was obtained from 1H
NOESY, 1H COSY, 1H 13C HSQC, and 1H 13C HMBC experi-
ments. All 2D NMR experiments were performed using stan-
dard pulse sequences from the Bruker pulse program library.
Chemical shifts were measured relative to TMS (1H, 13C). UV-
vis absorption spectra were recorded on Varian Cary 05E
spectrophotometer (Varian Medical Systems, Darmstadt,
Germany). Elemental analyses were obtained using a HEKAtech
CHNS EuroEA 3000 analyser (HEKAtech, Wegberg, Germany).
HR-ESI-MS(+) spectra were measured at the Thermo Scientific
LTQ OrbitrapXL mass spectrometer via electrospray ionisation
and a FTMS Analyser. EI-MS spectra in the positive mode were
measured using a Finnigan MAT 95 mass spectrometer.
Simulations were performed using ISOPRO 3.0.
Electrochemical measurements were carried out in 0.1 M

Scheme 2 Syntheses of the Ni(II), Pd(II), and Pt(II) complexes.
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n-Bu4NPF6 solution in THF (tetrahydrofuran) using a three-
electrode configuration (glassy carbon electrode, Pt counter
electrode, Ag/AgCl reference) and a Metrohm Autolab
PGSTAT30 or µStat400 potentiostat (Metrohm, Filderstadt,
Germany). The potentials were referenced against the ferro-
cene/ferrocenium redox couple as internal standard.

Photophysical measurements

Steady-state excitation and emission spectra were recorded on
a FluoTime 300 spectrometer from PicoQuant (Berlin,
Germany) equipped with a 300 W ozone-free Xe lamp
(250–1100 nm), a 10 W Xe flash-lamp (200–1100 nm, pulse
width ca. 1 µs) with repetition rates of 0.1 to 300 Hz, a double-
grating excitation monochromator (Czerny-Turner type, grating
with 1200 lines per mm, blaze wavelength: 300 nm), diode
lasers (pulse width < 20 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 emission mono-
chromators (Czerny-Turner, selectable between double-grating
blazed at 500 nm with 2.7 nm mm−1 dispersion and 1200 lines
per mm, or single-grating blazed at 1200 nm with 5.4 nm
mm−1 dispersion and 1200 lines per mm, or single-grating
blazed at 1250 nm with 5.4 nm mm−1 dispersion and 600 lines
per mm) with adjustable slit width between 25 µm and 7 mm,
and Glan-Thompson polarisers for excitation (after the Xe-
lamps) and emission (after the sample). Different sample
holders (Peltier-cooled mounting unit ranging from −15 to
110 °C or and adjustable front-face sample holder), along with
two detectors (namely a PMA Hybrid-07 from PicoQuant with
transit time spread FWHM < 50 ps, 220–850 nm, or a
H10330C-45-C3 NIR detector with transit time spread FWHM
0.4 ns, 950 to 1400 nm from Hamamatsu) were used. Steady-
state and photoluminescence lifetimes were recorded in
TCSPC mode by a PicoHarp 300 instrument (minimum base
resolution 4 ps) or in MCS mode by a TimeHarp 260 (where up
to several ms can be traced). Emission and excitation spectra
were corrected for source intensity (lamp and grating) by stan-
dard correction curves. For samples with lifetimes in the ns
order, an instrument response function calibration (IRF) was
performed using a diluted Ludox® dispersion. Lifetime ana-
lysis was performed using the commercial EasyTau 2 software
(PicoQuant). The quality of the fit was assessed by minimising
the reduced chi squared function (χ2) and visual inspection of
the weighted residuals and their autocorrelation. All solvents
used were of spectrometric grade (Uvasol®, Merck).
Photoluminescence quantum yields were measured with a
Hamamatsu Photonics absolute PL quantum yield measure-
ment system (C9920-02) equipped with a L9799-01 CW 150 W
Xenon light source, a monochromator, a C7473 photonic
multi-channel analyser, an integrating sphere and employing
U6039-05 software (Hamamatsu Photonics). All cuvettes used
were round quartz cuvettes and the solvents were of spectro-
metric grade (Uvasol®, Merck).

Time-resolved multiphoton micro(spectro)scopy was per-
formed using a fluorescence microscope (IX 73 from Olympus)
equipped with a complete confocal system, a laser combining

unit (LCU), an inverted microscope body, and a multichannel
detection unit (Multiharp 150, PicoQuant) equipped with
diode lasers. These lasers provide adjustable output power and
repetition rates up to 80 MHz, all within a compact fiber-
coupled unit with wavelengths between 375 to 640 nm. A
FLIMbee galvo scanner is positioned between the main optical
unit (MOU) and the microscope to achieve extremely stable
scanning speeds while maintaining high positioning pre-
cision, enabling applications ranging from fast fluorescence
lifetime imaging (rapidFLIM) to phosphorescence lifetime
imaging measurements (PLIM). For beam diagnostics, a
charge-couple device (CCD) camera and a photodiode are
available in the MOU of the microscope. The MOU is equipped
with two detectors: a hybrid photomultiplier-based single
photon counting module (PMA Hybrid 40, PicoQuant) and a
SPAD-based photon counting module (SPCM-AQR-14,
PerkinElmer). Depending on the emission of the sample,
various band-pass (BP) and low-pass (LP) filters were placed in
front of these detectors as needed to acquire lifetime maps.
Data acquisition was conducted using the unique time-tagged
time-resolved (TTTR) measurement mode, allowing for simul-
taneous data acquisition on two channels. Data were processed
and analysed with the SymphoTime 64 (PicoQuant) software.
To couple the MicroTime 200 and the FluoTime 300 instru-
ments, a fibre coupler was employed, enabling the spectro-
meter to record either steady-state or time-resolved lumine-
scence spectra and decays from a sample mounted on the
microscope. Luminescence micrographs were acquired using
the aforementioned microscope, equipped with a X-CiteQ
Lamp module (Excelitas Technologies) as excitation source
and a UI-5580SE (IDS) digital camera. Depending on the
photophysical properties of the sample, different band pass
(BP) and low pass (LP) cubes were using accordingly.

Crystal structure determination

X-ray diffractometry (XRD) measurements were carried out at
100(2) K using Bruker D8 Venture diffractometer including a
Bruker Photon 100 CMOS detector with Mo Kα (λ = 0.71073 Å)
radiation. The data was collected using APEX4 v2021.10-0.42

The structures were solved through dual space methods using
SHELXT and Olex2, and refined with SHELXL 2017 and
SHELXL 2018/2019 employing full-matrix least-squares
methods on F0

2 ≥ 2σ(F0
2).43–45 The non-hydrogen atoms were

refined with anisotropic displacement parameters without any
constraints. The hydrogen atoms were included by using
appropriate riding models. The [Ni(LBn)Cl]·12CH2Cl2 structure
was refined omitting an observed slight disorder of CH2Cl2.
Including the disorder did not result in a better refinement.
For [Pt(LBn)Cl], the largest hole density (−2.0 e Å−3) is located
in a non-chemically significant position. Trials to reduce this
were unsuccessful and we thus rule out an artefact from struc-
ture solution or refinement, but ascribe this problem to an
artefact in the raw data. Data of the structure solutions and
refinements can be obtained for CCDC 2307143 ([Pt(LBn)Cl]),
CCDC 2271328 ([Pd(LBn)Cl]) and CCDC 2258876 ([Ni(LBn)
Cl]·12CH2Cl2).
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Computational details

All DFT calculations were performed using the Gaussian 16
suite of programs.46 For all atoms, def2-TZVP basis sets, as
well as the corresponding def2-ECPs for Pt and Pd (ecp-46 and
ecp-28) were used for the core electrons.47,48 The S0 and T1 geo-
metries of all compounds were optimised with the hybrid
functional TPSSh, using Grimmes D3 dispersion correction
and the conductor-like polarisable continuum model (CPCM)
parametrised for THF as solvation model.49–53 Geometry
optimisation was followed by frequency calculations and
yielded no imaginary modes, thus confirming the energetically
minimal nature of the stationary points. For the TD-DFT calcu-
lated UV-vis absorption spectra, the 45 lowest excited singlet
states were calculated at the optimised S0 geometry. Molecular
orbitals and electronic properties were extracted from single
point calculations. The TD-DFT calculation output was further
evaluated using the software package TheoDORE to analyse
relative MLCT, LMCT, LC, LL’CT, (L = N^C^N, L′ = Bn) and MC
contributions to the emissive T1 states, using the implemented
standard algorithm for molecular partitioning of transition
metal complexes employing Openbabel.54

Results and discussion
Syntheses and characterisation

The ligand precursors HLBn and ClLBn were synthesised
through Suzuki cross coupling reactions in 82% and 72%
yield. The Pt(II) and Pd(II) complexes [M(LBn)Cl] were synthesised
from K2[MCl4] (M = Pt or Pd) and HLBn through the established
method of heating in glacial acetic acid,41 in 62% and 60% yield
(Scheme 2). The Ni(II) complex was obtained by modifying an
established procedure55 including oxidative addition reaction of
[Ni(COD)2] (COD = 1,5-cyclooctadiene) with the chlorinated
ligand precursor ClLBn in 78% yield (Scheme 2). The Pt(II)
(yellow), Pd(II) (pale yellow), and Ni(II) (orange-red) complexes
were characterised by nuclear magnetic resonance (NMR) spec-
troscopy (Fig. S1 to S14, SI), high-resolution electrospray mass
spectrometry (HR-ESI-MS) (Fig. S14, SI), elemental (CHN) ana-
lyses, and single-crystal X-ray diffraction (sc-XRD). The three com-
plexes are insoluble in non-polar solvents but are soluble in polar
solvents, though the Ni(II) derivative must be handled under the
exclusion of air and moisture (Fig. S15, SI).

Experimental crystal structures and DFT-calculated molecular
structures

The three compounds were crystallised from saturated CH2Cl2
solutions. [M(LBn)Cl] (M = Pt or Pd) crystallised isostructural in
the triclinic space group P1̄, while [Ni(LBn)Cl]·12CH2Cl2 was
solved in the monoclinic space group C2/c and includes half a
molecule of CH2Cl2 per formula unit (Fig. S16 to S18, data in
Tables S1 and S2, SI). The experimental data for the complexes
were used to benchmark our Density Functional Theory (DFT)
geometry-optimisation using TPSSh/def2-TZVP/CPCM(THF)
with good agreement between the experimental and calculated
metrics (Fig. S19, Table S2, SI).

The crystal structures feature long metal⋯metal distances
ranging from 5.106(1) Å for the Ni complex to 6.123(1) Å for
the Pt and 6.125(1) Å for the Pd complexes. They are far
beyond the sum of van der Waals radii; thus, no significant
metallophilic M⋯M interactions were found. All the structures
showed pronounced π-stacking between the pyridine and
phenyl units of two neighbouring molecules with centroid dis-
tances ranging from 3.52 Å for the Pt and Pd complexes to
3.62 Å for the Ni complex (Fig. S16 to S18, SI).

Very similar to our recently reported [M(LNHR)Cl] (R = Ph or
Bn, M = Pt, Pd, and Ni) complexes,22,29 the three [M(LBn)Cl]
complexes show marked distortion of the Cl− coligand out of
the square planar coordination plane (Fig. 1), resulting in τ4
values ranging from 0.35 to 0.44. The τ4 index is calculated as
the sum of the two largest angles (α and β) around the four-
coordinate metal centres, subtracted from 360°, and divided
by 141° (360 – 2 × (109.5)°). A value of τ4 = 0 corresponds to a
perfect square planar geometry, and τ4 = 1 to a perfect tetra-
hedral geometry.56

The deviation of the C–M–Cl angle from the ideal 180° is
higher for the Ni complex (138.5(3)°) compared with the Pd
(150.3(1)°) and Pt (152.1(1)°) derivatives. This is connected
with shorter Ni–C1 (1.811(8) Å) and Ni–Cl (2.320(3) Å) bonds
relative to the Pd and Pt analogues (Table S2, SI).

Generally, the τ4 values for these new series of complexes
are bigger than those reported for the [M(LNHR)Cl] (R = Ph or
Bn, M = Pt, Pd, and Ni) complexes22,29 by about 0.1 which is in
line with an increased steric bulk of the binding pocket.

So, replacing the NHR groups of our previous
complexes22,29 through benzyl substituents on the N^C^N
ligand scaffold proves the negligible role of the M–Cl⋯H–N
hydrogen bonding in the complexes on the deviation from
planar and emphasise on the importance of the steric bulk of
the ortho-substituents as already predicted by the DFT-calcu-
lated [M(LOMe)Cl] complexes.22,29 This deviation along with the
experimentally observed structural trends in the solid state are
well reproduced by the DFT-optimised structures.

DFT-optimised S0 and T1 geometries

The DFT-optimised S0 geometries of the complexes generally
exhibit good agreement with the experimental data from crys-
tallography, displaying maximum deviations of 0.03 Å and 2.4°
for individual distances or angles (Table S2, SI). In the T1
excited state the C–M–Cl angles, constituting a significant
portion of the observed distortion in the S0 state, experience
further deviation (Fig. 2, data in Table S2). This phenomenon
is particularly pronounced for Pt(II) and Pd(II), where angles of
121.7 and 114.6°, respectively were found in the T1 state com-
pared to 154.0° (Pt) and 149.4 (Pd) the S0 state. For Ni(II), the
increase of deviation is less pronounced as already the S0 geo-
metry shows a value of 139.2°, which is further reduced to
121.6° in the T1 state. This goes along with an elongation of
the M–C in all three cases, but larger M–N distances only for
Pd and Ni (Table S2). At the same time, other critical metrics
surrounding the metal atoms exhibit minimal changes,
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especially with the pyridyl and phenyl rings of the cyclometa-
lated LBn ligand remaining coplanar in the complexes.

Electrochemistry and DFT-calculated frontier molecular
orbitals

Cyclic voltammograms showed a first irreversible reduction
wave at around −2.30 V for Pt(II) and Pd(II) complexes and at
−2.15 V for Ni(II) derivatives, vs. the ferrocene/ferrocenium
couple (Fig. 3, full data in Table S3, SI; cyclic voltammograms
are presented in Fig. S20, SI). The first wave is usually followed
by a second and third irreversible reduction wave at potentials
ranging from −2.41 V to −3.11 V. The first reduction potentials

are very similar to the NHR substituted complexes for R =
phenyl but slightly less negative when compared to the NHR
substituted complexes with R = benzyl. Other reported M(dpb)
complexes (Table 1)14,22,29,57,59 lie in the same range and
remarkably to not allow a simple correlation of the reduction
potentials with the substitution pattern on the dpb ligand.

The DFT-calculated lowest unoccupied molecular orbitals
(LUMO) show predominant π*-character of the N^C^N ligand
core and the energies of −2.38 for Pt(II) and −2.35 eV for Pd(II)
are very similar and only slightly higher (less negative) than
the −2.30 eV calculated for the Ni(II) derivative (Fig. S21 and
Table S5, SI). We thus assign the reduction processes as essen-

Fig. 1 Molecular structures of the complexes [M(LBn)Cl] (M = Pt, Pd, and Ni) from single crystal X-ray diffraction (top, 50% displacement ellipsoids)
and their side-on views featuring the deviation τ4 from the square planar coordination (bottom).

Fig. 2 DFT-calculated geometries of [M(LBn)Cl] (M = Pt, Pd, Ni) in the S0 (red) and T1 (green) states.
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tially taking place at the ligand, in line with results for similar
M(dpb) complexes.57–60

On the anodic side, a first irreversible oxidation wave at
0.65 V for Pt(II), 0.73 V for Pd(II), and 0.08 V for Ni(II) are
recorded (Fig. S20 and Table S3, SI). Potentials for the corres-
ponding NHR-substituted Pt(II) and Pd(II) derivatives are
slightly higher (Table 1).22 Compared with [Ni(LBn)Cl], the
NHR-substituted complexes gave a slightly lower oxidation
potential for R = Ph (0.06 V) and a markedly higher potential
for R = benzyl (0.13 V, Table 1). While the lower potentials for
the LBn complexes of Pt(II) and Pd(II) compared with those car-
rying the NHR-substituted ligands is in line with the electron-
withdrawing effect of the amino function, the situation for the
Ni(II) derivative might be governed by both electronic and

steric effects in line with the finding that the phenyl derivative
[Ni(LHPh)Cl] shows a higher τ4 value of 0.352 compared with
the LHBn derivative with 0.332, both markedly lower than τ4 for
[Ni(LBn)Cl] of 0.428 (calculated values).

The DFT-calculated highest occupied molecular orbital
(HOMO) for the [M(LBn)Cl] complexes gain essential contri-
butions from the metals and the central aryl group with some
contributions from the benzyl groups and the Cl− coligand
(Fig. S21, Table S5, SI). The calculated HOMO energies are
increasing from Pd (−5.62 eV) to Pt (−5.62), to Ni (−5.18 eV).
The predominant metal contributions agree with MII/MIII-
based oxidation processes and are in line with previous
reports.23,59–62

The electrochemical gaps ΔE (Ox1–Red1) increase along the
series Ni < Pt < Pd and thus qualitatively agree well with the
calculated HOMO–LUMO gaps (Fig. 3). The same behaviour
was also reported for the series of [M(Me2dpb)Cl] and [M
(N^C^N)Cl] (N^C^N = LNHPh or LNHBn, M = Pt, Pd, and Ni)
complexes (Table 1). A comparison between the parent/unsub-
stituted [Pt(dpb)Cl] and the Me-substituted [Pt(Me2dpb)Cl]
complexes reveals a slightly increase in the reported HOMO–
LUMO gap for the [Pt(LBn)Cl] complex by 0.46 and 0.36 V,
respectively. Conversely, when compared to [Pt(LNHBn)Cl] and
[Pt(LNHPh)Cl] complexes, the HOMO–LUMO gap for [Pt(LBn)Cl]
decreases by 0.4 and 0.27 V, respectively (Table 1). For [Pd(LBn)
Cl], this gap value decreases by 0.06, 0.25, and 0.37 V com-
pared to [Pd(Me2dpb)Cl], [Pd(LNHPh)Cl], and [Pd(LNHBn)Cl]
complexes, respectively. Interestingly, the HOMO–LUMO gap
for [Ni(LBn)Cl] matches that of [Ni(LNHPh)Cl], but decreases by
0.13, 0.16, and 0.28 V when compared with [Ni(Me2dpb)Cl],
[Ni(dpb)Cl], and [Ni(LNHR)Cl] complexes, respectively
(Table 1).

UV-vis absorption and photoluminescence spectra with
TD-DFT-calculated electronic transitions

The UV-vis absorption spectra of the complexes [M(LBn)Cl] (M
= Pt, Pd, and Ni) feature intense bands in the UV-range of up

Fig. 3 Selected experimental redox potentials (dots) and HOMO–LUMO gaps (ΔEexp.) from cyclic voltammetry together with DFT-calculated
HOMO and LUMO compositions and HOMO–LUMO gaps (ΔEcalc.) for the complexes [M(LBn)Cl] (M = Pt, Pd, and Ni).

Table 1 Selected redox potentials of the [M(LBn)Cl] complexes and
comparable derivativesa

Complex E Red1 E Ox1 ΔE (Ox1–Red1) Solvent

[Pt(LBn)Cl] −2.30 i 0.65 2.95 THF
[Pd(LBn)Cl] −2.28 i 0.73 3.01 THF
[Ni(LBn)Cl] −2.15 i 0.08 2.23 THF
[Pt(LNHPh)Cl]b −2.29 r 0.93 3.22 THF
[Pd(LNHPh)Cl]b −2.31 r 0.95 3.26 THF
[Ni(LNHPh)Cl]c −2.17 i 0.06 2.23 THF
[Pt(LNHBn)Cl]b −2.45 r 0.90 3.35 THF
[Pd(LNHBn)Cl]b −2.43 r 0.95 3.38 THF
[Ni(LNHBn)Cl]c −2.38 i 0.13 2.51 THF
[Pt(Me2dpb)Cl]

d −2.24 r 0.35 2.59 THF
[Pd(Me2dpb)Cl]

d −2.34 r 0.74 3.07 THF
[Ni(Me2dpb)Cl]

d −2.26 i 0.10 2.36 THF
[Pt(dpb)Cl]e −2.14 r 0.35 2.49 MeCN
[Ni(dpb)Cl] f −2.33 i 0.06 2.39 THF

a From cyclic voltammetry in n-Bu4NPF6/THF. Potentials in V vs. ferro-
cene/ferrocenium; accuracy of potentials: ±0.003 V. Half-wave potential
for reversible processes (marked with r), cathodic peak potentials for
irreversible reductions (i), E Ox1: anodic peak potentials for irrevers-
ible oxidations. Full data in Table S3, SI. b From ref. 22. c From ref. 29.
d From ref. 59. e From ref. 14. f From ref. 57.
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to 308 nm. Since they also occur for the ligand precursors
HLBn and ClLBn, we can assign them to transitions into excited
singlet states with 1π–π* (1LC) character (Fig. 4, data in
Table S4, SI). They are followed by medium intensity, struc-
tured absorption bands down to almost 570 nm. For the Ni(II)
complex, the long-wavelength absorption band show a
maximum at 433 nm, which tails down to a cut-off at 518 nm
(Fig. 4). For the Pt(II) complex, the maximum is blue-shifted to
421 nm and the cut-off shifts to 453 nm. For the Pd(II) deriva-
tive, the maximum is even more blue-shifted to 381 nm and
the cut-off appears at 403 nm. When taking these cut-off ener-
gies into account, an increasing series of the optical HOMO–
LUMO gaps Ni (2.39 eV) < Pt (2.74 eV) < Pd (3.07 eV) is
observed. The electrochemical HOMO–LUMO gaps follow the
same series, i.e. Ni (2.23 eV) < Pt (2.95 eV) < Pd (3.01 eV) and
are slightly smaller in case of Ni and Pd as expected. But the is
opposite was found for the Pt complex with the electro-
chemical gap being larger than the optical gap by 0.21 eV. We
have recently reported the same phenomenon for the Pt(II)
complexes [Pt(C^N^C)(PnPh3)] (HC^N^CH = 2,6-diphenyl-pyri-
dine or dibenzoacridine; Pn = P, As, Sb, or Bi) and rationalised
this in terms of 3MLCT contributions to the states associated
with the lowest energy absorption bands, as based on TD-DFT
and transient absorption (TA) spectroscopic studies.63

A closer look reveals low energy absorption bands with very
low intensities at 496 nm for the Pt(II) complex (Fig. 4, data in
Table S4, SI). The same features have been previously reported
for [Pt(Me2dpb)Cl] at 480 nm and [Pt(dpb)Cl] at 485 nm.14,15,59

They are discussed as 3MLCT contributions to the adsorption,
promoted by the large spin–orbit coupling making the spin-
forbitten S0 → Tn transitions partially allowed,14,15,28,63 which
is in keeping with our above discussion on controversial
finding that the optical gap of this Pt(II) complex is smaller

than the electrochemical gap. When comparing the [M(LBn)Cl]
(M = Pt, Pd, and Ni) complexes with their NHR (R = phenyl or
benzyl) substituted counterparts,22,29 only a minimal effect on
the absorption energies, approximately 10 nm, is observable.

TD-DFT calculated absorption spectra match qualitatively
well with the experimental results (Fig. 4, Fig. S22, Tables S4
and S7, SI). They show low-energy absorption bands at 448 nm
(Pt), 422 nm (Pd), and 424 nm with a broad shoulder at
501 nm (Ni) which are slightly red-shifted if compared with
the experimental maxima (421, 381, 433 nm). Long-wavelength
bands in three complexes have been previously assigned to
transitions into mixed ligand-centred (1LC)/metal-to-ligand
charge transfer (1MLCT) states as supported by the calcu-
lations and in keeping with previous reports.14–16,22,29,59–63

Additionally, the long-wavelength maximum of the Ni(II)
complex appear at lower energies compared to those of Pt(II)
and Pd(II) derivatives, as corroborated by TD-DFT calculated
spectra. This observation aligns with the lower experimental
and DFT-calculated HOMO–LUMO gaps.

Photoluminescence spectroscopy revealed that the Pt(II)
derivative is emissive at room temperature (RT) in both argon-
purged CH2Cl2 solution and in the solid state (Fig. S23, S24
and Table S8, SI). The emission of the Pt(II) complex in fluid
CH2Cl2 solution remained unchanged across the concentration
range c = 10−5, 10−6, and 10−7 M. To investigate the formation
of aggregates or excimers, the Pt(II) complex was incorporated
into PMMA matrices at different concentrations. Increasing
the concentration of PMMA matrices from 0.5% to 5% caused
a red shift in the emission maximum from 496 nm to 544 nm,
with corresponding changes in the emission profile, which
closely resembled the spectrum recorded in CH2Cl2 solution
and in the solid state at RT (Fig. S25 and Table S8, SI). These
data suggest the presence of emissive molecular aggregates

Fig. 4 Left: Experimental normalised UV-vis absorption spectra of the complexes [M(LBn)Cl] (M = Pt, Pd, and Ni) in THF solution at 298 K (left) with
a zoom into the long-wavelength region and dashed lines to illustrate the determination of the cut-off energies. Right: TD-DFT calculated spectra
(right).
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with increasing concentration in the PMMA matrices, indicat-
ing that the Pt(II) complex may emit primarily from aggregates
in both the solid state and CH2Cl2 solution.

The Pd(II) and Ni(II) complexes were not emissive at RT.
This is attributed to the population of dissociative metal-
centred (MC) (d–d*) states, which provide non-radiative de-
activation channels via conical intersections with the ground
state. Consequently, these complexes are non-emissive in fluid
solutions at RT. This outcome aligns with existing literature on
such complexes, particularly for Pd(II) and Ni(II)
complexes,22,24,58,59,62 where the spin–orbit coupling (SOC) of
Pd (1412 cm−1) and Ni (630 cm−1) is significantly smaller than
that of Pt (4052 cm−1).64 However, at 77 K, samples of both

complexes become emissive (Fig. 5). At this lower temperature,
the thermal population of the d–d* states becomes
inaccessible, and the rigidification of the system prevents non-
radiative vibrational pathways and/or solvent quenching.
While this effect is somehow expected in both Pt(II) and Pd(II)
complexes, it is surprising that in the case of Ni(II), we found
not only a defined emission spectrum, but also a high
quantum yield (20%) along with lifetimes in the millisecond
range (Table 2).

The Pt(II) complex shows an emission spectrum with a
defined vibrational progression (λmax = 497 nm) which is
typical for such [Pt(N^C^N)X] complexes.14,21,22,24,28,29,57–59 In
contrast, the Pd(II) complex shows a broad, red-shifted emis-
sion band (λmax = 530 nm). The different behaviour of the
Pd(II) complex, compared with the Pt(II) derivative, is attributed
to the emission from weakly coupled aggregates rather than
monomeric species. The monomer emission is probably
quenched by the solvent.19,20,23 It is important to note that the
emission spectrum did not change upon varying the concen-
tration of the complex in the glassy matrix (from 10−4 to 10−7 M)
indicating that this is not concentration-related phenom-
enon but rather an outcome of orientation of the complexes
within the glassy matrix at 77 K. Generally, both the Pt(II) and
the Pd(II) complex show features that are rather common for
such complexes.14,15,19,21–23,28 We conclude that although the
spectra look slightly different, the excited states responsible
for the emission can be described as having mixed contri-
butions of 3LC and 3MLCT character in both cases.

For the sample of the Ni(II) complex, a relatively broad
emission band peaking at λmax = 699 nm was observed. The
notably high photoluminescence quantum yield of 20%
coupled with the lifetimes in the ms range point to a triplet
nature of the emissive state.28,29 However, for the light Ni(II)
atom a marked metal-centred (MC) character if the emissive
state could be expected from comparison with the previously
studied non-luminescent [Ni(dpb)Cl],24–26 with ps excited-

Fig. 5 Photoluminescence emission (dashed lines) and excitation
(dotted lines) spectra of the complexes [M(LBn)Cl] (M = Pt: green, Pd:
red) in 2-MeTHF at 77 K as a glassy matrix (λex = 350 nm) along with the
spectrum obtained for the Ni(II) sample (violet) under the same
conditions.

Table 2 Photophysical properties of [M(LBn)Cl] (M = Pt, Pd, and Ni) complexesa

Compound ΦL ± 2% τi
b (µs) kr (10

4 s−1) knr (10
4 s−1)

Pt(II) 10 τ1 = 6.50 ± 0.06 (42%) 2.3 ± 0.5 21.0 ± 0.5
τ2 = 2.71 ± 0.05 (58%)
τav_amp = 4.30 ± 0.01

Pd(II) 3 τ1 = 205 ± 2 (64%) n.d. 0.57 ± 0.01
τ2 = 100 ± 4 (36%)
τav_amp = 167.5 ± 0.4

Ni(II) 20 τ1 = 87 000 ± 1000 (27%) (0.67 ± 0.08) × 10−3 (3.00 ± 0.08) × 10−3

τ2 = 9300 ± 200 (73%)
τav_amp = 30 000 ± 500

HLBn n.d. τ1 = 0.0073 ± 0.0002 (5%) n.d. n.d.
τ1 = 0.00146 ± 0.00001 (95%)
τav_amp = 0.00177 ± 0.00002

ClLBn n.d. τ1 = 0.0083 ± 0.0001 (9%) n.d. n.d.
τ1 = 0.00225 ± 0.00004 (91%)
τav_amp = 0.00278 ± 0.00003

a Photoluminescence quantum yields (ΦL) and lifetimes (τ) in frozen glassy 2-MeTHF matrices at 77 K, radiative kr and non-radiative knr rate con-
stants. b For multiexponential decays, the amplitude-weighted average lifetimes τav_amp are given. n.d. = not determined. Raw time-resolved photo-
luminescence decays and fitting parameters are shown in Fig. S28 to S35, SI.
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states decay found in transient absorption spectroscopy (TAS)
experiments.24 On the other hand, the recently reported [Ni
(dpb)X] complex (X = triazolatoCoumarin,COOCH3; Scheme 1)
showed phosphorescence (λem = 472 nm) from the T5 state in
frozen glassy matrix at 77 K and a lifetime τ of 147.8 µs was
reported.28 For the [Ni(LNHR)Cl] complexes, containing the NH
(C6H5) (LNHPh) and NH(CH2C6H5) (LNHBn) substituted dpb
ligand (Scheme 1), very long-lived emissions even in the ms
time-domain were found, along with a short-lived component
in the ns range.29 The TD-DFT-based assignment of the
excited state of the [Ni(LNHR)Cl] complexes to a triplet T5 state
is challenged by the intrinsic instability of the complexes.29

Although the herein reported [Ni(LBn)Cl] complex is far more
stable than the LNHR derivatives, we studied the ligand precur-
sors HLBn and ClLBn, to ensure that the emission does not
originate from residual ligand, the ligand precursors were
measured at 77 K. Neither the emission spectra nor the life-
times resemble those of the complexes (Fig. S26, S34, and S35
SI; data in Table 2). Nevertheless, we cannot rule out that the
emission stems from decomposition products. UV-vis absorp-
tion spectroscopy (Fig. S15) showed that the complex decom-
posed within 400 min with marked changes already after
20 min. Irradiation of such solutions did not lead to acceler-
ated decomposition, so we assign the decomposition to hydro-
lysis but can rule out photodecomposition. Irradiation of the
glassy frozen samples at 77 K did also not show any sign of
photo-decomposition on the samples. So, we can only tenta-
tively assign this emission to the intact Ni(II) complex.

By means of the quantum yields and lifetimes, both the
radiative and radiationless rate constants were calculated fol-

lowing eqn (1) and (3). Absolute uncertainties were estimated
by eqn (2) and (4).

kr ¼ ΦL

τav
ð1Þ

Δkr ¼ ΔΦL

τav

� �
þ Δτav

τav2
�ΦL

� �
ð2Þ

knr ¼ 1� ΦL

τav
ð3Þ

Δknr ¼ ΔΦL

τav

� �
þ ð1þ ΦLÞΔτav

τav2

� �
ð4Þ

As observed in Table 2, by going down in the group a ten-
dency is observed, where when going from Pt(II) to Ni(II), both
kr and knr decrease, which can be correlated with the far
weaker spin–orbit coupling of Ni(II).64

By means of photoluminescence lifetime microscopy
imaging (PLIM), both the decay rates and the phosphorescence
spectra of the crystalline phase of the Pt(II) complex was
measured. The corresponding lifetime maps and emission
spectra of the crystal are shown in Fig. 6. As expected, both Pd
(II) and Ni(II) crystals did not show any measurable lumine-
scence at ambient temperature.

The character of the assumed emissive T1 states for all
three complexes was assessed through excitation analysis
using the TheoDORE package53 (Fig. 7). The decomposition
into MLCT (d–π*), ligand-to-metal-charge-transfer (LMCT),
ligand’-to-ligand-charge-transfer (L’LCT), LC (π–π*), and metal-
centred (MC) contributions is based on the partitioning of the

Fig. 6 Time resolved photoluminescence micro(spectro)scopy imaging of the Pt(II) complex in a single crystal at 298 K. Left: Photoluminescence
lifetime map of the crystalline phase of the complex (λex = 376 nm, low-pass cut-off filter 514 LP). Right: Photoluminescence spectrum of the single
crystal measured with the microscope, inset: photoluminescence micrograph. Raw time-resolved photoluminescence decays can be seen in
Fig. S30, SI.
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complexes as defined in Fig. 7. The MLCT character for [Ni
(LBn)Cl] and [Pt(LBn)Cl] are virtually the same (34%) and
higher as for [Pd(LBn)Cl] (30%). For the Pt and Pd derivatives,
the LC character is superior with about 38% compared with
5% calculated for the Ni derivative, that admixes by far the
highest MC character (42%). The L’LCT character decreases
down the series from Pt to Ni, while the LMCT contribution
increases.

The findings for the Pt(II) and Pd(II) complexes are quite
similar to what has been reported for comparable
complexes.19,22–24,28,39,62,63 The high MLCT character of the T1
of the Ni(II) derivative is a good argument for the assumption
that the observed emission stems from the complex, while the
high MC character speaks strongly against this, as such a state
should lead to rapid radiationless decay. The question why we
presumably observe photoluminescence from this complex,
despite this high MC character, might lie in the dynamics at
low temperatures, combined with the peculiar geometric dis-
tortion of the complex in both ground and excited states. The
rapid decay of the parent [Ni(dpb)Cl] complex within ps has
been determined through transient absorption spectroscopy
(TAS) at ambient temperature (20 °C),24 which agrees with our
finding that [Ni(LBn)Cl] is non-emissive in solution or in the
solid at ambient temperature. However at low temperature, the
lifetime of the excited state of [Ni(LBn)Cl] might be prolonged
compared with [Ni(dpb)Cl], which is probably due to the geo-
metric peculiarities of [Ni(LBn)Cl]. Unfortunately, TAS is not
doable at low temperatures, impeding that we use this method
to confirm the long lifetimes of [Ni(LBn)Cl]. Unfortunately, the
same is true for TAS in solid matrices. Nevertheless, in future
work, we will search for a suitable matrix material to promote
photoluminescence of the [Ni(LBn)Cl] complex also at ambient

temperature, which turned out to be very successful for the
previously reported LNHR derivatives, that showed phosphor-
escence in poly(methyl methacrylate) (PMMA) matrix in the
temperature range between 6 K and 300 K.29

Conclusions

The N^C^N-cyclometalated complexes, [M(LBn)Cl] (M = Pt, Pd,
and Ni), featuring the 1,3-di(2-pyridyl)-benzene (HLBn) ligand
benzyl substituted at both ortho-positions of the pyridyl units,
were synthesised to generate a tight binding pocket for the Cl−

coligand (ancillary ligand). As expected, the complex geome-
tries deviate from a perfect square planar coordination featur-
ing C–M–Cl angles of around 150° for Pt(II) and Pd(II) and 139°
for Ni(II) and τ4 values of around 0.4. The photophysical
studies show that the Pt(II) complex emits at RT in both solu-
tion and solid state. When incorporating into PMMA matrices
at varying concentrations, the emission maximum shifted
from 496 nm to 544 nm as the concentration increased from
0.5% to 5%. This shift as well as changes in the emission
profile suggest the formation of emissive molecular aggregates.
In contrast, the Pd(II) and Ni(II) complexes are non-emissive at
RT due to faster non-radiative deactivation via MC states. At
77 K, all three complexes exhibit emission, with Pt(II) and Pd
(II) showing the typical patterns for triplet emission from
mixed 3LC/3MLCT states and emission maxima at around
500 nm. For the sample of the Ni(II) complex we found an
unusual broad emission at around 700 nm with a particularly
high quantum yield of 20% and a lifetime in the ms range.
Such long-lived photoluminescence has been previously
reported for similar [Ni(N^C^N)X] complexes (X = anionic
ancillary ligands), but assignment to emission from excited
triplet states is challenged by the inherent instability of these
complexes towards hydrolysis. Assuming that the emission
stems from the intact complexes and not from hydrolysis pro-
ducts would confirm that the rigidified structure in this
complex leads to a reduced rate of non-radiative deactivation
at low temperatures.

Comparing our findings with the previously studied [M
(LNHR)Cl] complexes featuring similar rigidification through
M–Cl⋯H–N hydrogen bonds, it is evident that while hydrogen
bonding has been shown to stabilise the excited states and
potentially foster photoluminescence in Ni(II) systems, the new
approach using steric bulk alone can also minimise excited
state distortions to some degree and thus enhance geometric
similarity between ground and excited states. However, this
rigidification seems to have only a positive impact on the
photoluminescence of corresponding Ni(II) complexes, while
for the Pd(II) derivatives no such effects were observed, which
might be correlated to the less pronounced geometric distor-
tion. In any case, and regardless of the still open question if
the ms emission is photoluminescence from the studied Ni(II)
complexes, the present study confirms that modifications in
the second coordination sphere, whether through noncovalent
interactions like hydrogen bonding or through steric effects,

Fig. 7 Decomposition of the T1 state for the three calculated com-
plexes into contributions originating from MLCT, LMCT, LC, L’LCT, or
MC configurations determined with the package TheoDORE,54 together
with the partitioning of the [M(LBn)Cl] complexes for the numerical ana-
lysis. L’LCT describes ligand-centred transitions between different parts
of the tridentate ligand, while LC represents excitation within the same
part.
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can play a critical role in controlling the photophysical behav-
iour of transition metal complexes. Future work will continue
to explore these strategies, investigating how different types of
steric and electronic modifications influence the excited state
behaviour and photophysical properties of such square-planar
configured Ni(II), Pd(II), and Pt(II) complexes. Together with
approaches to stabilise the Ni(II) derivatives against hydrolysis,
this might ultimately lead to triplet photoluminescent Ni(II)-
based materials.
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