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Abstract

The design of compounds that efficiently emits into the deep-red to near-infrared (NIR) region
is still highly challenging, yet they can play pivotal role in optoelectronic devices for
phototherapy, encryption and telecommunication technology. To date, examples of NIR-
emissive earth-abundant Cu(I) complexes are still very rare in literature. Herein, a series of
binuclear heteroleptic Cu(I) complexes, namely Cul-Cu4, is presented and thoroughly
characterized by means of chemical and (time-resolved) optical spectroscopies as well as
single-crystal X-ray diffractometric analysis. The optical and electronic properties are further
elucidated with the help of time-dependent density functional theory (TD-DFT) computations
that confirms the nature of the transitions and excited states involved. It is shown that

introduction of sulphur and nitrogen heteroatoms in the peripheral m-accepting coordinating
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scaffolds, such as (substituted) benzimidazoles and benzothiazole, along with the thiazelo[5,47 2005

d]thiazole bridging unit results in deep-red to NIR emissive complexes both in CH,Cl, solution
and in the solid state with long-lived emission with profile centred at Ay, = 734-776 nm and
644-757 nm, respectively, attributable to an emissive excited state with admixed
SMLCT/ALLCT character. Finally, derivative Cul and Cu4 are tested as electroluminescent
materials in light-emitting electrochemical cells (LECs). The former displays deep-red
electroluminescence (EL), Ag. = 686—697 nm with external quantum efficiency (EQE) up to
0.5%; whereas the latter achieves NIR EL with Ag > 770 nm in combination with of high
spectral stability, remarkably. Overall, the presented results demonstrate that Cu(I) complexes

represents a valid alternative to precious metals for NIR EL devices.

Introduction

Near-infrared (NIR) light-emitting devices, including both inorganic and organic
systems, have attracted significant attention owing to their promising applications in sensors,
night-vision displays, biomedical devices, and optical telecommunications.! Among them, NIR
organic light-emitting devices (OLEDs) offer several attractive advantages, such as low power
consumption, compatibility with large-area fabrication, and mechanical flexibility. However,
their practical implementation is still hindered by the requirement for complex multilayer

device architectures and the instability of air-sensitive cathodes.

Solid-state light-emitting electrochemical cells (LECs)?> provide a compelling
alternative to conventional OLEDs by utilizing in situ electrochemical doping under electrical
bias. The accumulation of mobile ions at the electrodes induces the formation of
electrochemically doped layers, which effectively lower the carrier-injection barriers and
promote balanced charge injection. As a result, LECs can employ air-stable metals as cathode
materials, thereby reducing encapsulation requirements. Moreover, efficient
electroluminescence (EL) can be achieved in a simple single-layer architecture that is readily

compatible with solution-processing techniques.

NIR LECs? have been realized using a variety of emissive materials, including small
molecules,*¢ conjugated polymers,’? ionic transition metal complexes (iTMCs),’"'? and
perovskites.!3> Among these systems, iTMC-based NIR LECs generally exhibit superior device
efficiencies, primarily owing to the phosphorescent nature of iTMC emitters, which enables

efficient exciton harvesting. However, many reported NIR iTMCs rely on rare transition
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metals, such as ruthenium,'*!> iridium,'®! osmium,”® and platinum,?! whosg, high.: s
significantly limits their prospects for large-scale applications. Consequently, increasing
research efforts have been devoted to developing NIR iTMC emitters incorporating earth-
abundant transition metals as more sustainable alternatives. Among the emerging candidates,
copper(l) complexes have attracted particular interest as promising emitters for LECs due to
the earth-abundant nature and low cost of copper. In addition, appropriately designed Cu(I)
complexes can exhibit efficient excited-state processes, such as metal-to-ligand charge-transfer
(MLCT) emission or thermally activated delayed fluorescence (TADF), enabling effective
exciton utilization in EL devices. These features make Cu-based complexes attractive

alternatives to rare-metal iTMCs for developing cost-effective NIR LECs.

Transition metal complexes (TMCs) that display NIR EL are still very limited in the
literature and only rare examples deal with more abundant metals such as Cu(I) and Ag(I).?%-
24 These complexes are particularly interesting because their d'° electronic configuration rules
out the possibility of thermally accessible low-lying metal centered (MC) states that that would
quickly deactivate non-radiatively.?> The scarcity of described examples is mainly due to the
three following reasons: i) smaller SOC constant possessed by the lighter metals compared to
those lying on the second and third row (e.g. Pt(II), Ir(III)) ({c, = 857 cm™!; i = 3909 cm!; Cp,
= 4481 cm™') yields complexes featured by reduces the singlet-triplet mixing (S—T) and slower

radiative rate constant (k;); ii) smaller energy gap between ground and excited state (So—T})

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

increases the non-radiative vibronic coupling, thus increasing the k&, (energy gap law); and,

finally, red to NIR emitters possess intrinsically smaller &, due to the third-power dependency
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with emission energy, as by Einstein’s theory of spontaneous emission?%-27,
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A notable class of luminescent Cu(I) coordination compounds is represented by cationic
[Cu!(N“N)(P~P)]" complexes, where N~N is a neutral polypyridyl bidentate ligand and P"P is
arigid bidentate diphosphine. The photophysical behaviour of these species, firstly investigated
in the early 2000s by McMillin, Walton, et al., is highly dependent on the geometry and nature
of the ligands, as well as environmental parameters. Their emission typically arises from a
triplet-manifold metal-to-ligand charge transfer excited states CMLCT) which formally entail
an oxidation of the metal center to d° Cu(Il) and preferentially adopt an equilibrium geometry
closer to a square pyramidal arrangement owing to the large pseudo Jahn-Teller distortion
effects. This leads to more efficient vibronic quenching of the lowest lying excited states (T;—
So) and exposes the metal to solvent-assisted exciplex deactivation processes. Employing a

bulky, bidentate diphosphine prevents solvent quenching, and the PP bridge can slightly alter
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the energy of the d'* orbitals, thus modifying the MLCT energy gap and allowing for, SOiE 2008
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degree of tuning in the emission through the diphosphine. Nevertheless, the largest influence
on the emission profile is exerted by the NN ligand, allowing [Cu(N*N)(P"P)]* complexes
to be tuned to yield emission ranging from the blue-green to the red-NIR region of the visible

spectrum.?82°

An exploit that has been found to bathochromically shift the emission profile is the
introduction of sulphur heteroatoms in the N”N ligand, as their higher electron-accepting
character and lower oxidation potential, reflected by their generally lower HOMO and LUMO
energies, causes an overall decrease in the band gaps of transitions involving the n* MOs,
leading to significantly longer emission wavelengths. This approach recently allowed to push
the emission of Cu(I) in the NIR by employing simple pyridyl-benzothiazole ligands, obtaining
complexes with emission in the range A.,, = 520—-760 nm and PLQY values up to 10% in thin-
film and powder form, but still barely detectable in CH,Cl, solution, as described by Steffen et
al.3% Costa et al. showed that employing more rigid diphosphines, such as Xantphos, enabled
the preparation of Cu(l) and Ag(I) complexes which displayed red luminescence in the solid
state and in proof-of-concept light-emitting devices with A = 670 and 645 nm respectively,
but external quantum efficiency (EQE) values not higher than ca. 0.01%.2%3! A bathochromic
shift of the emission can also be induced by dinuclearization of the complex having general
formula [Cu'(P P)(N"N-N"N)Cu!(P"P)]*", e.g. by employing a bis-bidentate 2,5-dipyridyl-
thiazolo[5,4-d]thiazole bridging ligand. This approach has been successfully employed by our
research group to prepare a new family of electroactive binuclear thiazolo[5,4-d]thiazole
(TzTz) Cu(I) complexes that displayed Agp, up to 780 nm in LECs, effectively being the first
reported examples of a Cu(I)-based NIR device,”? and later setting a record for the most
bathochromically shifted emission of a Cu(I) LEC?**. Herein, we explore the effect of
introduction of m-accepting benzothiazole and benzimidazole scaffolds to achieve more stable
NIR EL with binuclear Cu(I) complexes. These heteroatomic scaffold have been chosen for
stabilizing the * orbitals localized onto the coordinated bridging ligands in order to maintain
longer wavelength emission, while potentially improving charge transport properties compared

to previously investigated counterparts (Scheme 1).
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Scheme 1. Molecular structures of the two landmark Cu(I) NIR emitters previously published by our

group (top) and of the new compounds Cul—Cu4 investigated this work (bottom).

Results and Discussion
Synthesis and X-ray structures

The selected ligands feature a m-extended thiazolo[5,4-d]thiazole (TzTz) core and two lateral
1-R-1H-benzo[d]imidazol-2-yl (R = H, Et and Ph for L1, L2 and L3, respectively) and
benzo[d]thiazol-2-yl (I.4) moieties acting as the bridging bis-bidentate (N*N-N”N) scaffold.
The schematic synthetic pathway employed for their synthesis is depicted in Scheme S1 of the
Supporting Information alongside the corresponding 'H, '*C{'H}, 3'P{'"H} NMR and high-
resolution mass spectrometry (Figures S1-S19 of the Supporting Information). For the ligands,
the procedure followed a straightforward condensation reaction between dithiooxamide and
the corresponding aryl-carboxaldehyde in refluxing DMF yielding the desired product as pure

powder after washing.32-33

Single crystals suitable for X-ray diffractometric analysis were obtained for L.3 and the ORTEP
diagram is displayed in Figure S20 of the ESI (see Table S1 for the crystallographic refinement
parameters). Ligand L2 was prepared starting from the L1 parental ligand via N-alkylation of
the benzimidazolyl N-H group with iodoethane in hot DMF (Scheme S1). The synthesis of the

binuclear Cu(I) complexes followed a one-pot two-step procedure (Scheme S2), where to a
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solution of DPEphos (2 equiv.) in CH,Cl, kept at room temperature was subsequently; adi

the tetrakis-acetonitrile copper(I) precursor (2 equiv.) as PFg salt, and the chromophoric ligand
L1-L4 (1 equiv.), yielding the target complex of general formula [Cu(P"P)(L1-
L4)(P"P)](PF), (Cul—Cu4, respectively), as a red solid in excellent yield (>90%) (see Scheme
1 for chemical structure). For the complexes, the 3'P{!H} spectra displayed one single
resonance in the region at o ca. —12.0 ppm associated to the chelating phosphine that indicates
that one single species is present in CD,Cl, solution. Despite the somewhat labile nature of
these binuclear species in solution, enhanced by the high electron-deficient nature of the
ligands, all complexes yielded crystals suitable for X-ray crystallographic analysis by vapor
diffusion of Et,O in a CH,Cl, solution of the complex. The crystal structure and packing of all
the complexes was established by means of single crystal X-ray diffractometric analysis, which
also confirmed the binuclear nature of all the species with general formula [Cu,(L1-
4)(DPEphos),]*" (see Figure 1 and S21-S22 of the ESI). The corresponding data can be found
in Tables S2—S5 of the Supporting Information. Some relevant geometric parameters for Cul—
Cu4 are indicated in Table 1, along with those of the reference complex Cu-D3?3 displayed in
Scheme 1. Also, capped-sticks representation of the XRD structure of derivative Cu-D3 is

represented in Figure 2.

Figure 1. ORTEP diagram of Cul shown at 50% probability. Hydrogen atoms (except the NH of the

benzimidazole), solvent molecules and the PF¢ counter anions are omitted for clarity.

Each Cu(I) ion adopts a distorted tetrahedral coordination geometry involving the chelating
DPEphos (P"P) ligand and two nitrogen atoms of the 2,5-di(heteroaryl)thiazolo[5,4-d]thiazole
(L1-L4). The bond lengths and angles relative to the tetrahedral Cu(I) centers are shorter than

Page 6 of 24
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those reported for similar mononuclear Ag(I) complexes, expectedly,?>3-36 and comparable (8- 008
those observed in similar Cu(I) complexes?3-243%-37. A selected list of geometrical parameters is
summarized in Table 1. In compounds Cul and Cu4, each DPEphos employs one of its phenyl
rings in weak intramolecular n—n stacking on the imidazole (d = 3.46-3.61 A), while another
phenyl is involved in a S— interaction with the central TzTz core (d = 3.28-3.53 A) (see Figure
2a and 2d). Complex Cu2 does not display any noticeable intramolecular interaction (Figure
2b) but a network of intermolecular n—r stacking interactions (d = 3.34 A) is present at the
supramolecular scale involving the 1-ethyl-1H-benzo[d]imidazol-2-yl moiety of the
coordinated ligand L2 of each neighbor complex. Complex Cu3 displays some intramolecular
n-n stacking between the phenyls of DPEphos, and two intramolecular C-H- -7 interaction
between one of the phenyls of each phosphine and the adjacent phenyl substituent of the 1-
phenyl-1H-benzo[d]imidazol-2-yl moiety (d = 3.186 A) (Figure 2c).

Table 1. Selected bond lengths [A] and angles [°] around one metal center for Cu(I) complexes Cul—
Cud4 with their tetrahedral geometric indexes 1,3 and 14’%. N, = nitrogen of the thiazolo[4,5-d]thiazole

moiety, N, = nitrogen of the peripheral moiety.

M(1)N.; M(1)-N,y  M(1)-P(1)  M(1)-P(2) TaM1)  TaM(D)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Cu-D3¢ 2.0633) 2.096(3) 2.2419(11) 2.2403(10) 087 0.6
Cul  20142) 2.136(2) 22201(7) 2.2392(6) 0.84  0.80
Cu2  2018(3) 2.1953) 22170(11) 2.2520(12) 085  0.82
Cud3  2.0502) 2.131Q2) 22137(7) 2.2788(7) 0.76  0.73
Cud  2.099(5) 2.119(5) 22121(19) 2.2617(19) 077 075

Open Access Article. Published on 13 May 2026. Downloaded on 5/15/2026 4:21:54 AM.

@ data corresponding to reference Cu(I) complex Cu-D3 are taken from Ref. #24.
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While the dihedral distortion between the TzTz core and the peripheral substituents is not as
marked as in the bis-(z-butylphenyl)-functionalized complex Cu-D3 (Figure 2e¢), the TzTz
ligands in Cul—Cu4 are not always planar. If we look at complex Cu3 from the side (Figure
2¢), we can see how the two peripheral benzimidazoles are oriented out of plane, likely due to
the steric hindrance of the lateral N—Ph substituent. This can be observed, to a very small extent,
on the N—Et derivative Cu2 as well (Figure 2b). The 7, and 7’, values for these complexes are
shown in Table 1 and reflect the considerations above. For complexes Cul and Cu2,
tetrahedral geometrical indexes are in the range 0.80—0.85 and indicate a minor distortion from
the ideal T4 symmetry. Whereas, for derivatives Cu3 and Cu4 that bear bulkier benzothiazole-
and N-phenyl benzimidazole these values decrease to 0.73—0.77, highlighting a slightly more

significant distortion compared to their congeners, and approaching that of Ag(I) complexes??.
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Figure 2. Capped sticks XRD structures viewed from the side of complexes Cul (a), Cu2 (b), Cu3 (c),
Cu4 (d), and (e) reference complex Cu-D3%*. Hydrogen atoms except the NH of the benzimidazole,

solvent molecules and the PF¢ counter anions are omitted for clarity.

Photophysical investigation

For the sake of comparison, the electronic absorption and emission spectra in dilute (3x10-¢ M)
air equilibrated CH,Cl, for the four ligands L.1-L.4 were acquired (Figure 3a and Table 2). A
full photophysical characterization of these compounds was carried out and the results are in
nice agreement with similar data recently reported by us for pyridyl- and quinolyl-

functionalized TzTz ligands.?>?440 All the data, including measurements in the solid state and
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in 77 K CH,Cl, glassy matrix, can be found in the Supporting Information (Figurgs S23:5824" 5 a00s
and Table S6).

£ (103M em™)
ANSUSIU LIOISSIWS PIZI[BULION

AYSUBMI UOISS|WS PaZI[BULION

T T T T T T T T T T T . r
300 400 500 600 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 3. a) Electronic absorption (dashed traces) and emission spectra (solid traces) of ligands L1
(blue), L2 (red), L3 (violet), and L4 (grey) in dilute (3x10® M) air-equilibrated CH,Cl, at room
temperature upon excitation at A = 360 nm. b) Electronic absorption (dashed traces) and emission
spectra (solid traces) of complexes Cul (blue), Cu2 (red), Cu3 (violet), and Cu4 (grey) in dilute (2x10-
> M) air-equilibrated CH,Cl, at room temperature upon excitation at A., = 460 nm.

Table 2. Electronic absorption and photoluminescence data in dilute air-equilibrated CH,Cl, solution

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 May 2026. Downloaded on 5/15/2026 4:21:54 AM.

for ligands L1-4.
)\'max; AbS(S) xem PLQY Tobs kr knr
[nm, (103 M-'ecm™'] [nm] (%) [us] [103s'] [10%3s]
L1 poorly soluble

282 (9.32), 292 (9.12), 382sh (38.98), 442, 468,

L2 403 (51.95), 425 (37.57) 499sh, 543sh 64 12Ins 527 297
284 (14.01), 293sh (12.99), 383sh (35.83), 443, 470,

L3 402 (42.16), 426sh (27.64) 503sh, 542sh 39 125ns 312 4.88
290 (10.34), 305sh (8.45), 365sh (14.52), 387 444, 471,

L4 (27.71), 407 (38.28), 431 (28.94) 504sh o Odlns 221 224

sh denotes a shoulder.

(cc)

The electronic absorption spectra for L1-L4 display, for all ligands, a weak band (¢ = 0.1—
1.4x10* M-! cm!) at higher energies (Aps = 280-290 nm) that can be attributed to transitions
with n—nt* singlet-manifold locally excited ('LE) character admixed with intramolecular charge
transfer ('ICT) processes from the central TzTz moiety towards the peripheral substituents. At
lower energies, a much more intense (¢ = 0.4-5.1x10* M-! em!) and structured band is
observable at A, = 380430 nm and is mainly attributable to the 'n—* LE transitions localized
onto the n-extended chromophoric thiazolo[5,4-d]thiazole scaffold. Upon coordination, these
bands experience an expected bathochromic shift and intensity enhancement, reflecting the

enlargement of the system and their admixing with !MLCT (!dn(Cu)—nr,1,*) transitions and
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further perturbation of the ligand-centered 'LC (mph—mpum*) and 'LLCT ({mppfEesine

transitions.

As for as complexes Cul—Cu4 are concerned, their photophysical behavior was firstly
investigated in dilute (2x10-> M) CH,Cl, solution. The absorption and emission spectra are
displayed in Figure 3b, and the photophysical data are summarized in Table 3. It is important
to note that all four complexes are labile in highly diluted CH,Cl, solutions, in particular upon
repeated exposure to UV light. This can be noticed by the appearance of blue emission
compatible with that of the ligands, and while dilute samples of Cul-Cu3 remained stable
during their photophysical study, extended irradiation of Cu4 led to enhanced degradation
compared to its congeners. Regardless, even in the absence of light, dilute solutions of these
complexes (10> M) cannot be stored for more than a day, and all photophysical studies were

carried out on fresh samples.

For all complexes the electronic absorption spectra display an intense shoulder (¢ = 3.1—
3.3x10* M! cm™!) at higher energies (Ays = 280-350 nm) attributed to 'LLCT 'ntp,—7tp,im™
transitions involving the aromatic groups of the phosphine ligands and the benzimidazole (bim)
and benzothiazole (btz) substituents. At lower energies, an intense (¢ = 3.7-6.5x10* M-! cm'!)
and structured band is observable at A,,; = 380—450 nm and is mainly attributable to admixed
ILC/'MLCT transitions involving the m-extended TzTz ligand and Cu(I). The absorption
shoulders at even lower energy, located at A,,s = 475-550 nm, are much broader and less intense
(e = 0.3-0.7x10* M-! cm!) and can be ascribed to a mixed transition with singlet-manifold
metal-to-ligand charge transfer ('MLCT) and ligand-to-ligand charge transfer ('LLCT) with
ldn(Cu)—nr,1,* and 'mp—mr,r,* character, respectively. Overall, the absorption profiles of the
four complexes moderately reflect the increasing m-accepting ability of the substituted TzTz
cores, along the series btz (Cu4) — bim (Cul) — Et-bim (Cu2) — Ph-bim (Cu3), with their
Aabs,max being 416, 420, 423 and 424 nm respectively.

Table 3. Electronic absorption and photoluminescence data in dilute degassed and air-equilibrated
CH,Cl, solution for complexes Cul—Cu4.

)\'maxs AbS(S) 7\‘em PLQY Tobs Tave Tobs Tave [lk(r)s [IIIB’S
[nm, (103 M-lem!] [nm] (%) [us] [us] [us] [us] 1] 511
air air deg air deg air deg
0.401
282sh (32.82), 420 (42.68), (98%)
Cul oy ok (1ee) T34 734 038 054 0316 336 161 281
(2%)
cuz  BWRCLSD.B3@6TS), 996 934 o1 055  CMO o905 0128 9o h57 9

444sh (41.18), 517sh (5.66) (97%) (90%)
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0.672 10.73 View Article Online
(3%) (10%) DOI: 10.1039/D6TC008998B
0.123 0.125
2825h (30.95), 424 (45.68), (99%) (97%)
Cud  L476h (40.09). 5155k (6.00) 170 746 024 045 509 02 G5y 1120040 8.56

(1%) (3%)
0.549
(99%)
117
(1%)

274 (33.51), 2815k (32.06),
Cud  39sh (26.11),416 (38.67), 764 764 0.09 0.14 0336
441 (32.91), 506sh (3.08)

0.973 1.44 101

sh denotes a shoulder.

Upon excitation in the lower-lying "MLCT band (A = 440-480 nm), the four
complexes display photoluminescence in dilute degassed and air-equilibrated CH,Cl, with its
maximum into the deep-red to NIR region of the electromagnetic spectrum arising from an
excited state with admixed SMLCT/LLCT character. (Figure 3b and Table 3). The broad and
featureless emission profile (FWHM ~ 3400 cm!, = 210 nm) presents a Aemmax in the range
734-775 nm, with complexes Cu2—Cu3 being the most bathochromically shifted. Adopting
the more conservative CIE 17-21-004%! lower boundaries for NIR (> 780 nm), half of the
emission of the complexes in dilute CH,Cl, falls in the NIR, with %NIR values of ca. 48—51%.
As expected from the energy gap law, the bathochromic shift in the emission is accompanied
by a lowering of the photoluminescence quantum yield (PLQY) and a shortening of the excited
state lifetime, and these effects can be seen particularly well by comparing the photophysical
properties of complexes Cul and Cu4 in dilute degassed CH,Cl, solution, which show A¢p max,
PLQY and tayg dee of 734 nm, 0.54%, 3.36 ps and 764 nm, 0.14% and 0.973 ps respectively.

This effect, caused by the increased vibronic coupling between the T, and Sy state, is reflected

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

by the estimated radiative (k;) and non-radiative (k) rate constants characterizing the emissive

excited state (Table 3). These constants have been calculated by using the following equations

Open Access Article. Published on 13 May 2026. Downloaded on 5/15/2026 4:21:54 AM.

(eqns. 1-2):
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L (eqn. 2)
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o [7]
2 2
0.0 f 0.0 4
T T T T T T T
600 700 800 900

Wavelength (nm) Wavelength (nm)
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Figure 4. Emission spectra of a) complexes Cul (blue), Cu2 (red), and b) complexes Cu3(violet) ;
Cud (grey) as neat powders under vacuum at 298 K (solid traces) and in CH,Cl, glassy matrix at 77 K
(dashed traces). Spectra were recorded upon excitation at A, = 450 and 480 nm respectively.

Table 4. Photophysical data recorded for complexes Cul—4as neat powders under vacuum and in
CH,Cl, glassy matrix at 77 K.

cmpd o LoV er e (1] (0] (105
powder 77 K (CH,Cl,) powder powder 77 K (CH,Cl,) powder

Cul 644,696 638,697,770 4 67.2 293 0.59 14.3

Cu2 644,700 638,700,775 2 70.9 499 0.28 13.8

Cul 650,715 647,712,788 2 72.9 211 0.27 134

Cu4 757 682,751, 834 1 0.89 71.9 11.2 1106

sh denotes a shoulder.

Photophysical data of Cul—Cu4 in the solid state as neat powders and in CH,Cl, glassy matrix
at 77 K are summarized in Table 4 and the emission spectra shown in Figure 4. Upon lowering
the temperature down to 77 K, CH,Cl, samples of complexes Cul—Cu4 display a more
structured emission profile with a clear vibronic progression that is hypsochromically shifted
by ca. 1570-2050 cm! indicating a small rigidochromic effect due to the limited charge
transfer nature of the emitting excited state at lower temperature. This spectral shift is
accompanied by a substantial increase of the excited state lifetime up to Tay, = 72-500 ps. These
observations agree with the large triplet nature of the emissive excited state that can be with
confidence described as largely *LC in nature. In addition, the observed large hypsochromic
shift observed for glassy matrix samples compared to room temperature ones might allow us

to rule out thermally-activated delayed fluorescence (TADF) processes.*?

In powder form the complexes show broad and somewhat structured emission which is not
noticeably affected by the presence of the quenching species dioxygen, but its removal causes
a ca. 1% increase in the PLQY and a ca. 10% prolongation of the excited-state lifetimes. For
this reason, measures on powder samples were carried out in quartz tubes held under dynamic
vacuum (ca. 10 mbar), revealing PLQY values as high as 4% for Cul and lifetimes in the range
of 67-73 ps for complexes Cul-Cu3. Complex Cu4, the most NIR of the series, displays the
lowest PLQY (1%) and lifetime (0.89 ps), in agreement with the energy gap law. It should be
noted that while these results may be low compared to other orange-red photoactive TMCs

based on Ir(IIT) and Pt(II) complexes,*** the lower energy of their NIR emission makes these
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performances comparable to those of the landmark complexes we recently published (SeHEHE 2508
1).2324

Computational investigation

To further elucidate the photophysical behaviour of this family of NIR emitters, ground state
geometries, absorption spectra and optimized excited states of both singlet and triplet manifolds
have been computed by means of (time-dependent) density functional theory (TD-)DFT

calculations.

Experimental and computed structures (Table S7) are in good agreement, both displaying a
distorted tetrahedral geometry at the Cu centers with a slight lengthening of one of the Cu-
Nr,r, distances. Upon geometry optimization of Cu2 and Cu3, a pyramidal distortion around
the [Cu(N"*N)(P"P)]" tetrahedron occurs yielding the formation of a m-stacking interaction
between one of its phenyl rings of the P*P chelates and one of the two benzimidazole
fragments, in a similar fashion to what observed experimentally in the X-ray structure of

derivatives Cul and Cu4 (cf. Figure S25 vs Figures 1 and 2).
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Figure 5. Electronic absorption transitions computed in CH,Cl, of a) ligands L1 (blue), L2 (red), L3
(violet), and L4 (grey) and b) complexes Cul (blue), Cu2 (red), Cu3 (violet), and Cu4 (grey).

Energies of the molecular orbitals closer to the frontier region computed for all the ligands and
complexes are listed in Table S9 along with the HOMO-LUMO energy gap, namely Ay.;. The
computed absorption spectra for L1-1.4 are in good agreement with experimental data (cf.
Figure 3a and Figure 5a). For all proligands, a first transition is computed around 420 nm for
L1, L2 and L3 and 440 nm for L4 (Table S8), corresponding to their Sy—S; transition.
According to the computed Electron Density Difference Maps (EDDMs), which are displayed
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in Figure 6), this transition can be described as possessing singlet 'LE (n—n*) charagter, on;th

benzimidazole (bim) and benzothiazole (btz) substituents with some 'ICT from the TzTz
toward the btz and bim. The features of the absorption profile observed experimentally can be
attributed with confidence to the vibronic progression involving the rigid m-conjugated
scaffold. A second significant transition appears at much higher energy, between 290 to 310
nm due to the Sy— S transition which is mainly a 'ICT from the btz to the TzTz core. No other

transition being present in this energy range with significant absorbing intensity.

So— S So— Ss

Figure 6. EDDMs between the ground and the excited state for S; (/eft) and S4 (right) absorbing states
of L1. Electronically depleted and enriched areas are shown in red and green colors, respectively.

As far as the complexes are concerned, the LUMO remains located on the TzTz ligand, whereas
the HOMO and HOMO-1 are mainly located on the copper centers. The highest occupied
orbital located on the ligand is the HOMO-2 for Cul-Cu3, and HOMO-5 for Cu4. The
computed absorption spectra nicely agree with the experimental ones (cf. Figure 3b and Figure
5b) and the list of computed transition are collected in Table S10 of the Supplementary
Information. The spectra are similar for the four complexes and the THEODore analysis* of
the computed states is detailed in Figure S26. The computed spectra present a first band above
Aabs = 500 nm corresponding to a set of charge transfer states either from the copper cation or
from the disphosphine ligand towards the central TzTz ligand that can be overall described
with admixed of 'MLCT and 'LLCT character. This corresponds to the band shoulder observed
experimentally at A,,s = 480—-550 nm (Figure 3b). Moreover, a very intense band is calculated
at Aups = ca. 445 nm which corresponds to states with an major contribution having large LC
character located on the TzTz ligand, being similar for the four complexes. As an example, this
transition involves S5 and S¢ in Cul and can be ascribed to a LC state slightly admixed with a
MLCT manifold (Figure 7). On the other hand, the absorbing S; state possess an almost pure
ILC character. These states are bathochromically shifted compared to the pure ligand due to
perturbation of the coordinated metal centre expectantly. These peaks correspond to the intense

experimental absorption observed at A, = ca. 410 nm. In good agreement with experimental
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data, the computed spectra do not present weak absorption process in the range Ayt 300400
nm dominated by 'LLCT transitions from the PAP from the TzTz ligand.

Figure 7. EDDMs between the ground and the excited state for S; (left), S5 (center), and S¢ (right)
absorbing states of Cul. Electronically depleted and enriched areas are shown in red and green colors,
respectively.

Electrochemical and Electroluminescent Properties of LECs

Based on their optical properties, complexes Cul and Cu4 were selected for further
investigation and for the preparation of light emitting devices. Amongst the complexes of the
series, the former resulted to be the most emissive one, whereas the latter displays the most
bathochromically shifted emission spectra. The electrochemical properties of all the
investigated complexes were assessed by means of cyclic voltammetry in CH,Cl,/0.1 M

TBAPFg solution. The data are listed in Table 5.

Table 5. Electrochemical data recorded for the binuclear Cul and Cu4 complexes in CH,Cl, / 0.1 M TBAPF;

solution. Potential values are given against ferricenium/ferrocene (Fc*|Fc) couple.

icle Online

E,o. i ES . ES . eAE
Complex p,01,i Ry,i Ry,i H-L
P V] V] V] [eV]e
Cul +0.992 -1.502 -1.912 ~2.50
Cud +0.920 1,110 -1.65b ~2.03

a Jrreversible process. Only the peak potential, £,, can be reported. ® Reversible process, unless otherwise stated.
The formal potential, E’, was calculated as the average of the cathodic and anodic peak of the process. ¢ The
electrochemical band gap e4Ey.;, was calculated as the difference between the peak potential of O, ; process and

the peak potential or formal potential of R, ; process.
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In the positive-going scan, Cul and Cu4 showed an irreversible oxidation process. Qi cosoos

(with i denoting the investigated compound), whose peak potentials E;, fall within the range
+0.92 - +0.99 V vs Ferricenium/Ferrocene (Fc*|Fc?) redox couple, used as the internal standard.
This redox process can be confidently ascribed to the oxidation that is mainly centered onto
the metal. Moreover, once the potential scan is reverted a cathodic peak appeared in the range
0 — 0.5 V, which might be related to the reduction of the of species forming during the
irreversible oxidation process, more likely followed by a chemical reaction (EC process), as
previously observed for similar complexes.?® Instead, in the negative-going scan, up to three
reduction processes R, ; (where n denotes the process number and i the investigated compound)
occurred, which are mainly irreversible for Cul and reversible for Cu4, respectively.
Therefore, peak potential and standard potential are provided, respectively, which fall within
the range from —1.11 to —1.91 V vs Fc¢*|Fc®. Furthermore, the electrochemical energy band gap
(e-AEy.1) for the HOMO-LUMO has been estimated from the O; and R; processes, taking into
account the respective potential values for the irreversible and/or reversible processes. Overall,
these findings agree well with the optical properties (see above) and support the idea that these
complexes are potentially suitable candidates in the field of solid-state electroluminescence

devices.

To investigate the EL characteristics of the proposed complexes, LEC devices were
fabricated and characterized. Experimental details are described in the Supporting Information.
For each complex, device performance was optimized by evaluating three emissive-layer
thicknesses under the optimal bias condition (see device architecture and energy levels in
Figure S5). The EL data of the fabricated LECs are summarized in Table 6. Time-dependent
EL spectra of the LECs based on Cul and Cu4 with different thicknesses are presented in
Figures S28a—c and S29a—c of the Supporting Information. Only minor spectral variations were
observed during operation, indicating that microcavity effects arising from shifts of the
emission zone during device operation*’*® are negligible for relatively thin LECs (<200 nm).
The stabilized EL spectra of LECs employing Cul and Cu4 with different emissive-layer
thicknesses are shown in Figure 8a and 8b, respectively. Cul exhibits deep-red EL emission
(Aem.max = 700 nm), whereas Cu4 displays NIR EL emission (Aemmax = 770 nm). In both cases,
the EL spectra largely resemble the corresponding PL spectra, suggesting similar emission

mechanisms.

The time-dependent current density, light output, and EQE of the LECs based on

complexes Cul and Cu4 with different emissive-layer thicknesses are shown in Figure 9a—
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and Figure S30a—c of the ESI, respectively. All devices exhibit similar temporal eyolutions of 5 aoos
their EL characteristics. Upon bias application, mobile ions in the emissive layer drift toward
the electrodes, gradually forming electrochemically doped regions that facilitate charge
injection. Consequently, both the current density and light output rapidly increase at the initial
stage of device operation. After reaching their maxima, the current density and light output
progressively decrease, which is attributed to material degradation during prolonged operation.
Meanwhile, the formation of doped layers improves carrier balance in the device, resulting in
arapid rise in EQE shortly after bias application, followed by a gradual decline due to the same

degradation processes.

For the Cul-based devices, the peak EQE increases with increasing emissive-layer
thickness (Table 6). A thicker emissive layer enlarges the separation between the emission zone
and the electrochemically doped regions, thereby suppressing exciton quenching.*’ In addition,
device thickness influences the optical microcavity effect and thus the light-extraction
efficiency, which also contributes to EQE optimization.*® Owing to the limited solubility of
Cul in dichloromethane, further increases in emissive-layer thickness were not feasible. The

thickest Cul-based device (120 nm) therefore delivered the highest EQE of 0.49%.

In contrast, the better solubility of Cu4 allowed the fabrication of thicker emissive layers.
The optimized Cu4-based device with a thickness of 175 nm exhibited a maximum EQE of

0.09%. To date, only a limited number of NIR Cu(I) LECs with EL peak wavelengths

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

exceeding 750 nm have been reported.?32* Compared with those, the Cud-based devices show

comparable EL peak wavelengths and peak EQEs. Notably, they exhibit a smaller thickness-

Open Access Article. Published on 13 May 2026. Downloaded on 5/15/2026 4:21:54 AM.

dependent EL spectral shift arising from the microcavity effect, resulting in improved spectral

(cc)

stability.

The carrier balance in LECs based on complexes Cul and Cu4 may be influenced by the
ligand environment of the complexes. To evaluate this effect, the EQE of the devices was

analyzed using Equation 3, which describes the key factors governing the EQE of LECs:

NeQE™ Nout XV X Ns,r X Noy (eqn. 3)

In this equation, ngqg represents the measured device EQE, nq, the optical outcoupling
efficiency, y the carrier-balance factor, ngr the efficiency of emissive exciton formation, and

Noy the solid-state PLQY of the emitter. For phosphorescent complexes, both singlet and triplet
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excitons can be effectively utilized, giving nsr = 100%. The optical outcoupling efficienc§ of s aoon
LECs is typically estimated to be approximately 20—30%.43

Using the measured EQEs (Table 6) and solid-state PLQYs (Table 4), and assuming 1y
= 25%, the carrier-balance factors (y) were estimated to be 49% and 36% for the Cul- and
Cu4-based LECs, respectively. Although uncertainties may arise from the estimation of 1y,
the calculated y values suggest that the benzimidazole ligand in Cul provides slightly improved
carrier balance compared with the benzothiazole ligand in Cu4.

Table 6. Summary of the EL characteristics of the LECs based on complex Cul or Cu4 (80 wt.%) and
[BMIM*(PFy)] (20 wt.%).

Complex Concentra?tion Spin speed Thickness Bias ELmax Linax Text, max 1P, max
(mgmlDt - pmp (M V) e @Wem 2 ) mW W
30 2000 71 2.3 686 291 0.22 1.70
Cul 30 1000 111 2.3 694 3.65 0.40 3.00
30 750 120 24 697 3.22 0.49 3.69
50 2000 144 2.5 772 0.36 0.085 0.53
Cu4 60 2000 175 3 773 0.76 0.090 0.46
70 2000 213 2.5 776 0.21 0.063 0.39

aSolution concentration for spin coating. ® Spin speed for spin coating. ¢ Stabilized EL emission
peak wavelength. ¢ Maximal light output power. ¢ Maximal external quantum efficiency.f

Maximal power efficiency.

(a) (b)
S 1.0} cut S 1.0Fcus
8 | EL 8 | EL
> — 71nm, 23V > — 144 nm, 2.5V
'3; 0.8 111 nm, 2.3V g 0.8 175nm, 3V
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Figure 8. Stabilized EL spectra of LECs based on (a) Cul and (b) Cu4 with different emissive-layer
thicknesses. The PL spectra are included for comparison.
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Figure 9. Time-dependent current density, light output, and EQE of LECs based on Cul with emissive-
layer thicknesses of (a) 71, (b) 111, and (c) 120 nm. The applied bias voltage is indicated in each panel.

Conclusion

A small family of four new binuclear Cu(I) complexes of general structure [Culy(N~N-

N~N)(DPEphos),]*" where N*"N-N"N is a bis-bidentate benzimidazolyl- or benzothiazolyl-

functionalized thiazolo[4,5-d]thiazole ligand, was herein presented. The four complexes all

displayed photoluminescence in dilute degassed and air-equilibrated CH,Cl, in the deep-red to
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NIR region of the visible spectrum, with complexes Cu2 and Cu3 reaching Aem mgos Hgh A8 o008
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775 nm and PLQY as high as 0.55%, leading to a %NIR ratio of around 50%. Comparing these
values with those of NIR emitters previously reported by our group such as Cu(I) complexes
Cu-D3%* (Aem.max = 790 nm and PLQY 0.04% in degassed CH,Cl,), it can be seen how indeed
the addition of further heteroatoms can cause a bathochromic shift in the emission, albeit 7-
extension of the system still plays an important role. Despite their overall low PLQY values in
solution and the hypsochromic shift that generally accompanies solid-state measurements,
powder samples displayed Aemmax @s high as 757 nm (Cu4) and PLQY values as high as 4%
(Cul). The interesting deep-red to NIR emission displayed by these complexes prompted their
use as electroactive materials in LEC devices. Remarkably, complex Cu4 displayed NIR
electroluminescence with maxima Ag; above 770 nm and improved spectral stability compared
to other electroactive Cu(I) complexes emitting in the same spectral region and previously
reported in the literature and device performances comparable to NIR emitters based on noble
metals. Overall, these results confirm that dinuclear Cu(I) complexes may act as valuable

alternative to NIR-emitting Ir(III) and Pt(II) phosphors.

Experimental Section

CCDC 2402732 (L3), 2402730 (Cul), 2402731 (Cu2), 2402732 (Cu3), 2412038 (Cu4)
contains the supplementary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via

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