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a b s t r a c t

While nickel(II) complexes have been widely used as catalysts for carbon-carbon coupling reactions, the

exploration of their photophysical and photochemical properties is still in the infancy. Here, a series of

square-planar Ni(II) complexes [(diNHC)NiX2] bearing chelating benzimidazole-based bis(N-heterocyclic

carbene) ligands and varying anionic coligands (1, X=Cl; 2, X=Br; 3, X= I) are synthesized and struc-

turally characterized. In solid state, both 1 and 2 exhibit orange-red photoluminescence under ambient

conditions. The photophysical and electrochemical measurements along with density functional theory

(DFT) calculations reveal that the low-energy emissions can be attributed to singlet excited states with

ligand-to-ligand charge-transfer (LLCT) character. This work suggests that strong-field N-heterocyclic car-

bene ligands play a crucial role to achieve the luminescence of Ni(II) complexes.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Platinum(II) and palladium(II) complexes with d8 valence elec-

tron configuration usually display efficient charge-transfer (CT) lu-

minescence [1–11], which has been extensively used in optoelec-

tronic devices [2,7,11–13], bio-imaging [2,14,15], photocatalytic re-

actions [16–20] and so on. However, their scarcity and high costs

have stimulated the search for candidates based on earth-abundant

elements [21,22]. Nickel, as a first-row transition metal that be-

longs to the same periodic group as palladium and platinum, pro-

vides an economically and ecologically benign alternative to pre-

cious metal systems [22]. However, photoluminescent nickel(II)

complexes with charge-transfer excited state character are very

rare [23–25]. The lack of luminescence properties of Ni(II) com-

plexes can be attributed to their little metal-ligand orbitals over-

lap between the contracted 3d8 metal center orbitals and the rele-

vant ligand orbitals, which leads to relatively weak d-d ligand-field

(LF) splitting energies and low-lying d-d LF excited states [26]. As

a result, these structurally distorted metal-centered (MC) LF states

provide a thermally-activated d-d deactivation pathway for other
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close-lying excited states (i.e., CT states) and thus quench the emis-

sion (Scheme 1a) [27,28].

Theoretically, the thermally-activated d-d deactivation process

can be suppressed by increasing the energy gap (�E) between the

CT and d-d states, which can be realized by either raising the d-

d state or lowering the CT state. To this end, Yam and cowork-

ers recently reported an emissive cyclometalated Ni(II) complex by

introducing a pincer-type 1,3-di(pyridin-2-yl)benzene (N^C^N) lig-

and and a strong σ -donating carbazolyl ligand (Scheme 1b) [29].

In solid state, this complex was found to demonstrate weak lumi-

nescence at room temperature and intense luminescence at low

temperature with excited state lifetimes in the submicrosecond

regime. N-Heterocyclic carbene compounds (NHCs) are character-

ized by strong σ -donating ability, which have been used as lig-

ands to synthesize photoluminescent transition metal complexes,

i.e., platinum(II) [30–33], iridium(III) [34–37] and gold(I) [38–45].

We envision that such strong σ -donor properties of NHCs are ca-

pable of pushing nonradiative MC d-d transitions to higher energy,

thereby generating emissive Ni(II) complexes.

Herein, we designed, synthesized and structurally character-

ized a class of square-planar Ni(II) carbene complexes contain-

ing benzimidazole-based N-heterocyclic carbene ligands and halo-

gen ligands (Scheme 1c). The [(diNHC)NiX2] (X=Cl or Br) com-

plexes show solid-state luminescence under ambient conditions

with temperature-independent lifetimes. A combination of pho-
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Scheme 1. (a) A thermally-activated deactivation pathway for Ni(II) complexes.

Exc., excitation; CT, the emissive charge-transfer state; d-d, low-lying metal-

centered excited states; black arrows represent vibrational relaxation and non-

radiative decay. (b) Representative Ni(II) complex emitter. (c) Molecular structures

of Ni(II) complexes in this work. (d) Synthetic routes of complexes 1–3a and 1–3b.

tophysical properties and density functional theory (DFT) calcu-

lations unveils that the orange-red emission is derived from the

S1 state having predominant ligand (halogen)-to-ligand (NHCs)

charge-transfer (LLCT) character.

The synthetic routes to Ni(II) carbene complexes are depicted

in Scheme 1d and further experimental details are provided in the

Supporting information. The synthesis of ligand precursors have

been described previously [46–48]. Complexes [(diNHC)NiCl2] and

[(diNHC)NiBr2] were readily prepared by stirring the corresponding

ligands with nickel halide in dimethylformamide in the presence

of NaOAc under reflux conditions. After reaction, the precipitate

was filtered, washed by water and recrystallized from methanol to

give yellow solid. [(diNHC)NiI2] was obtained by simple ligand ex-

change [46]. All complexes have been characterized by 1H nuclear

magnetic resonance (NMR), 13C NMR, and high-resolution ESI (HR-

ESI) mass spectrometry and elemental analyses (Scheme S1, Figs.

S1–S19 in Supporting information).

Dark yellow single crystals of 1–3b were obtained by slow dif-

fusion of hexane into saturated dichloromethane solutions at room

temperature and their structures have been determined through

single-crystal X-ray diffraction analysis. The selected bond lengths

of Ni-CNHC and Ni-X bonds and bond angles around the metal cen-

ter are given in Tables S1 and S2 (Supporting information). As de-

picted in Fig. 1, all complexes have an approximately square-planar

coordination geometry. The CNHC-Ni-CNHC bite angle of the three

complexes are consistent throughout the series, being 86.46° for

1b, 86.96° for 2b, 89.94° for 3b. The X-Ni-X bite angles lie in the

range of 93°–94°. The Ni-CNHC bonds in three complexes have an

average bond length of 1.86 Å, which is shorter than the reported

Ni(II) complexes [23,25,49], implying that the benzimidazole de-

rived N-heterocyclic carbene ligands can serve as a strong σ -donor

Fig. 2. (a) Absorption spectra of complexes 1–3b in dichloromethane. (b) Electro-

chemical redox potentials and transition energies for CT states of 1–3b. The en-

ergy of the CT state was estimated from the onset of the absorption band in

dichloromethane, where the intensity was 0.10 at λmax. (c) Normalized excitation

and emission spectra of complexes 1–3b in solid state at room temperature. (d)

Normalized PL decay at different temperatures for complex 2b.

ligand to raise the energy of the MC excited state. Additionally, for

halogen atoms with coplanar structures, the Ni-X bond length in-

creases with increasing atomic radius of X, 2.23 Å for 1b, 2.35 Å

for 2b, and 2.55 Å for 3b. All Ni(II) complexes pair in a head-to-tail

manner with intermolecular Ar-H���X and intramolecular Ar-H���X
(2.8–3.2 Å) (Figs. S20–S22 in Supporting information).

The ultraviolet–visible (UV–vis) absorption spectra of Ni(II)

complexes 1–3a and 1–3b were recorded at 298K in diluted

dichloromethane (Fig. 2a and Fig. S23 in Supporting information),

and the photophysical data are collected in Table S3 (Supporting

information). All Ni(II) complexes exhibit similar UV–vis absorption

spectra with absorption maxima at 292nm and a weak and broad

absorption band between 350 and 550nm, the latter accounting

for the yellow color of Ni(II) complexes. The high energy absorp-

tion region of the Ni(II) complexes are the same as ligands a and b

(Fig. S24 in Supporting information). The lowest-energy absorption

band of all Ni(II) complexes exhibit slightly blue-shifted with in-

creasing solvent polarity from dichloromethane to acetone to ace-

tonitrile (Fig. S25 in Supporting information). Hence, the high en-

ergy absorption band is attributed to localized π-π ∗ transitions of

the carbene moiety, while the lowest-energy absorption band in

the visible range is ascribed to CT interactions between halogen

units or nickel metal center and benzimidazole-based carbenes. As

shown in Fig. 2a and Table S3, with the variation of anions (Cl,

Br, I), the maximum absorption peaks of complexes 1–3b undergo

a red shift in dichloromethane from 424nm to 456nm. In addi-

tion, when the two phenyl substituents of benzimidazole carbenes

are replaced by methyl groups, a blue shift of the absorption peak

Fig. 1. Thermal ellipsoid plots of (a) 1b, (b) 2b and (c) 3b.
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is observed in dichloromethane. These spectral differences are at-

tributed to the effect of halide anions and benzimidazole carbenes

on the energy levels of the ground state frontier molecular orbitals

(FMOs). These data suggest that the relatively low-energy bands

can be assigned to a mixture of LLCT and d-d transitions (see the-

oretical calculations section).

The redox properties of 1–3a and 1–3b were determined us-

ing cyclic voltammetry (CV) and differential pulse voltammetry

(DPV) in dry and degassed dimethylformamide solutions (0.1mol/L

nBu4NPF6) at room temperature. All potentials are referenced

vs. ferrocene/ferrocenium (Fc/Fc+) as internal standard which are

listed in Table S4 (Supporting information) and graphically pre-

sented in Fig. 2b and Figs. S26 and S27 (Supporting information).

The oxidation and reduction of all complexes exhibit irreversible

waves, which may be caused by coordination of a solvent molecule

and anionic ligand dissociation. Notably, the first reduction poten-

tials of complexes 1–3b gradually shift towards a more positive po-

tential. Besides, the first oxidation potentials for 1–3b are highly

sensitive to the identity of anionic ligands. A pronounced cathodic

shift in the oxidation potentials for 1–3b is observed in the range

Cl < Br < I, leading to a similar shift in the lowest-energy absorp-

tion band. The energy level of highest occupied molecular orbitals

(HOMOs) is dominated by contribution from the halide orbitals.

Furthermore, a slight shift to more negative potentials for the first

reduction peaks along with a blue-shift in the lowest-energy ab-

sorption band, is observed for given complexes, e.g., 1a versus 1b,

2a versus 2b, and 3a versus 3b. The oxidation and reduction poten-

tials of all complexes are consistent with the CT transition of these

complexes.

Although no detectable emission was observed for Ni(II) com-

plexes in solution, the solid-state luminescence was clearly visi-

ble to the naked eye under 365nm UV irradiation. Hence, pho-

toluminescent properties of Ni(II) complexes were investigated in

solid state at room temperature (Fig. 2c). The emission spectra

(λmax(em) =620nm for 1b; λmax(em) =631nm for 2b; solid line) and

excitation spectra (λmax(ex) =410nm for 1b; λmax(ex) =425nm for

2b; dotted line) of Ni(II) complexes were recorded. The designed

Ni(II) complexes display large Stokes shifts with excitation and

emission peaks, which are similar to that reported in previous lit-

erature [24]. When iodide ions act as anionic coligands, 3b is found

to be nonemissive at both low and ambient temperatures due to

the iodine-induced heavy atom effect which enhanced intersystem

crossing (ISC) and then quenched fluorescence [50].

Thermally activated delayed fluorescence (TADF) and room-

temperature phosphorescence (RTP) emitters typically involve

triplet excitons that are particularly sensitive to temperature and

molecular oxygen [40,51,52]. The emission intensity and peak po-

sition of complexes 1–2b are not perturbed by oxygen (Fig. S29 in

Supporting information), which indicates no involvement of triplet

state. The photoluminescence (PL) decays of complex 2b at differ-

ent temperatures (77–300K) were determined by time-correlated

single photon counting (TCSPC), whose emission is fluorescence

with a temperature-independent lifetime of 3.01–3.12ns (Fig. 2d).

The PL lifetime curves are slightly longer than the temporal width

of the IRF. The PL decays of complex 1b show the same result at

various temperatures (77–300K) with lifetime of 1.61–1.89ns (Fig.

S31 in Supporting information). There is no evidence for either de-

layed fluorescence or phosphorescence in 1–2b. As mentioned ear-

lier, complexes 1–2b display large Stokes shifts in solid state and

electrochemical properties. We can confidently attribute the low-

energy emission of 1–2b to fluorescence from the excited singlet

state.

To investigate the electronic structure features among com-

plexes 1–3b, DFT and time-dependent density functional theory

(TDDFT) calculations are employed. The geometries, FMOs, corre-

sponding energy levels and atoms/fragments distributions of three

Fig. 3. Frontier molecular orbital isosurfaces and energies of (a) 1b, (b) 2b, and

(c) 3b in the solid S0 states at the crystal S0 geometries without the optimization

of heavy atoms (isovalue=0.04). The corresponding fragment distributions of each

FMO are also illustrated.

complexes in solid state are displayed in Fig. 3 based on each crys-

tal S0 structure. Accompanied with the varying of halogen ligands,

little structural difference but obvious gradation of FMO compo-

nents and energies are formed. The HOMO of 1b is mainly ac-

corded by NiX2 parts (Ni 45%+X2 44%), while the HOMOs in 2b

(Ni 3% vs. X2 88%) and 3b (Ni 2% vs. X2 92%) are lack of Ni par-

ticipation. Similar but opposite trend resulting from the halogen

donor ability is also observed in the analysis of the lowest un-

occupied molecular orbitals (LUMOs). The LUMO of 1b is mainly

formed by NHC carbene unit with little Ni composition. However,

when the halogen ligand switches to I, a Ni atom involvement can-

not be ignored. The composition changing confirms the emissive

phenomenon, as a lower composition of Ni in FMOs would im-

prove the effective emission by precluding the d-d MC state and

forming LLCT state, especially in complex 2b.

The simulated absorption spectra by TDDFT of all three com-

plexes are displayed and the fit between calculated and observed

in the visible region is acceptable (Table S5 in Supporting infor-

mation). The lowest energy absorption bands can be identified as

S0→S4 transitions. To gain the intuitive features of compositions in

these transitions, we perform the natural transition orbitals (NTO)

analyses. As shown in Fig. S32 (Supporting information), all S0→S4
transitions get the obvious LLCT and d-d features. Since a low-lying

d-d MC state is essential for photoluminescence quenching, we fur-

ther study the role of LF splitting Ni d-orbitals in FMOs, especially

highest occupied LF dz2 and lowest unoccupied LF dx2-y2. As given

in Fig. S33 (Supporting information), the features of Ni dz2 orbitals

are performed in HOMO-1 for 1b and HOMO-5 for 2b/3b. Besides,

the Ni dx2-y2 orbitals exhibit less significant in LUMO+3 for 1b,

LUMO+1 for 2b and LUMO for 3b. The larger d-d gaps shown in

1b and 2b imply that the decrease of d orbital compositions in

FMOs means the less MC disturbance on LLCT state, so the photo-

luminescence would be lit up. Nonetheless, a widely dispersed Ni d

orbital configuration in the LUMO of 3b may offer the neighboring

MC state, which might result in a thermally d-d deactivation path-

way, which is consistent with our characterization that can quench

the photoluminescence.

In summary, a class of square-planar nickel(II) carbene com-

plexes bearing halogen ligands as electron donors have been pre-

pared by a new synthetic route and structurally characterized by

single-crystal X-ray diffraction. Wherein, the [(diNHC)NiX2] (X=Cl

or Br) complexes display apparent fluorescence with temperature-

independent decay lifetimes in solid state. The experimental data

and theoretical calculations altogether reveal that the solid-state

fluorescence in Ni(II) complexes is likely to be a result of LLCT

character. Collectively, these data lead us to conclude that NHCs are
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demonstrated to be a sagacious choice in developing luminescent

Ni(II) complexes in the red spectral region. Our study provides new

ideas and strategies for Ni(II) complexes research in photophysics

and photochemistry.
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