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Intense red-emitting heteroleptic Cu(I) complexes were isolated using 2,1,3-benzothiadiazole (BTD) as N-donor
ligand and triphenylphosphine, bis[(2-diphenylphosphino)phenyl] ether (DPEphos) or bis(diphenylphosphino)
methane (dppm) as P-donors. The structures of two mononuclear and one dinuclear derivatives with one ni-
trogen and two phosphorus atoms in the Cu(I) coordination sphere were ascertained by means of X-ray
diffraction, revealing an overall tetrahedral geometry at the solid state due to the direct interaction of the
counterion with Cu(I). Upon excitation with UV and violet-blue light, the Cu(I) complexes exhibited emissions
centred between 623 and 683 nm with photoluminescence quantum yields up to 46%. Lifetimes in the tens-
thousands millisecond range were observed. The values resulted affected by the choice of the counterion, and
an increase of up to 15% was observed passing from tetrafluoroborate to perchlorate in the mononuclear BTD
complex with two PPhg ligands. DFT calculations indicated that the lowest energy absorptions have charge
transfer nature, from the {CuP,} fragments with the contributions of the P-bonded aryl substituents to an un-
occupied n* orbital of BTD. The triplet—singlet emissions involve the metal centre, the phosphine ligands, and

the occupied and empty orbitals of BTD.

1. Introduction

2,1,3-Benzothiadiazole (BTD) and its derivatives are nowadays suc-
cessfully exploited for the preparation of luminescent materials to be
applied for advanced technology as constituents of organic light-
emitting diodes, solar cells, liquid crystals, photovoltaic cells and
responsive dyes [1-11]. The n-extended heteroarene skeleton de-
termines noteworthy withdrawing ability and well-ordered structures at
the solid state thanks to chalcogen and n—n stacking interactions [12,13].
N-donor ligands based on the BTD moiety were widely used for the
synthesis of luminescent coordination compounds and metal-organic
frameworks of d- and f-block elements, efficiently applied in selected
cases as molecular probes [14-21].

New avenues for the preparation of more sustainable light-emitting
devices consider copper- and carbon-based materials as key building
blocks [22]. Cu(I) is one of the most investigated first-row transition
metal centres for the replacement of expensive, rare and geopolitically
problematic elements in lighting technology [23-31], besides being of

interest for sustainable photoactivated reactions and photocatalysis
[32-35]. The photophysical properties of Cu(I) complexes, often related
to the population of MLCT excited states, are adjustable, including the
colour of the emission. The closed-shell d'® ground state configuration
circumvents the problem of non-radiative deactivation of excited states
via low-lying metal-centred states. Moreover, Cu(I) complexes can
exhibit peculiar features ascribable to thermally activated delayed
fluorescence (TADF), appealing for electroluminescent devices thanks to
the possibility of harvesting both singlet and triplet excitons [36-43].
The combination of Cu(I) and the BTD heterocycle represents a
potentially intriguing approach to obtain sustainable complexes with
enhanced luminescent properties. In recent years, several azoles proved
to be promising building blocks for the synthesis of suitable ligands in
the field of Cu(I) luminescent compounds [44-67]. For instance,
bidentate [N,N’]-ligands constituted by a benzooxazole heterocycle
functionalized with a six-membered aromatic N-donor afforded highly
luminescent heteroleptic Cu(I) complexes, whose absorptions and
emissions were influenced by the angle between the ancillary P-donor

* Corresponding author. Dipartimento di Scienze Molecolari e Nanosistemi, Universita Ca’ Foscari Venezia, Via Torino 155, 30170, Mestre, (VE), Italy.

** Corresponding author.

E-mail addresses: valentina.ferraro@unive.it (V. Ferraro), markos@unive.it (M. Bortoluzzi).

https://doi.org/10.1016/j.dyepig.2023.111388

Received 11 April 2023; Received in revised form 2 May 2023; Accepted 8 May 2023

Available online 10 May 2023

0143-7208/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:valentina.ferraro@unive.it
mailto:markos@unive.it
www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2023.111388
https://doi.org/10.1016/j.dyepig.2023.111388
https://doi.org/10.1016/j.dyepig.2023.111388
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2023.111388&domain=pdf
http://creativecommons.org/licenses/by/4.0/

V. Ferraro et al.

moieties and by the interconversion among polymorphic structures
[68-71]. The presence of a sulphur atom in the N-donor structure could
enhance the photophysical properties of the corresponding Cu(I) com-
plexes, as observed for instance by Housecroft, Constable and
co-workers in heteroleptic di(methylsulfanyl)-1,10-phenanthroline Cu
(I) complexes [72]. The investigations reported in the literature on Cu(I)
BTD derivatives are however limited to coordination polymers, such as
those formed by reacting BTD with CuCl [73], [Cu(NCCH3s)4][PF¢] and
Cu/CuX, (X~ = NO3, ClO3) [74], whose emissive features were not
investigated. The coordination polymer isolated in 2022 by reacting Cul
and BTD showed an emission band centred in the NIR range, with
temperature-dependent lifetime [75]. Considering selected BTD de-
rivatives, dinuclear complexes were isolated by reacting Cu(I) pre-
cursors with 4-amino-2,1,3-benzothiadiazole, but also in this case the
luminescence was not studied [76]. Recently, the ligands N,N-bis
(diphenylphosphanyl)-2,1,3-benzothiadiazol-4-amine and N,N’-bis(2,1,
3-benzothiadiazol-4-yl)-1-phenylphosphanediamine were prepared
starting from 4-amino-2,1,3-benzothiadiazole. The Cu(I) coordination
polymer obtained from the first ligand, containing Cu-N(BTD) and Cu-P
bonds, showed temperature-dependent emission in the red range [77,
78]1.

Our research group is currently interested in the preparation of
luminescent BTD derivatives, and we recently reported the synthesis and
luminescent solvatochromic properties of N,N-dimethyl-4-amino-2,1,3-
benzothiadiazole [79]. In this paper we describe the synthesis and
photoluminescence of cationic heteroleptic Cu(I) complexes with BTD as
N-donor. The compounds showed intense emissions in the red region of
the visible spectrum, with lifetimes in the milliseconds range dependent
upon the choice of the phosphine and of the counterion.

2. Experimental section
2.1. Materials and methods

Commercial solvents (Merck) were purified following reported pro-
cedures to be used inside the glove-box [80]. All the other reagents were
Sigma Aldrich products used as received. Cu(l) precursors were pre-
pared following reported methods [81-84]. The syntheses of the com-
plexes starting from [Cu(NCCHgs)4][BF4] and CuCl were carried out
under inert atmosphere in a glove-box (MBraun Labstar with MB 10 G
gas purifier) filled with N3 and equipped for inorganic syntheses. The
reactions starting from [Cu(Kz-BH4)(PPh3)2] were conducted using
standard Schlenk techniques.

Elemental analyses (C, H, N, S) were carried out using an Elementar
Unicube microanalyzer. Conductivity measurements in acetone were
performed with a Radiometer Copenhagen CDM83 instrument. Melting
point measurements were carried out using a modified Falc 360 D
apparatus equipped with a video recording device. IR spectra (KBr
pellets) were collected in the range of 4000-400 cm™! using a Perki-
nElmer Spectrum One spectrophotometer. Heteronuclear magnetic
resonance (NMR) spectra were collected at variable temperatures
employing Bruker Avance 300 and Avance 400 instruments operating
respectively at 300.13 MHz and 400.13 MHz of 'H resonance. 'H and
13C{'H} NMR spectra are referred to the partially non-deuterated frac-
tion of the solvent, itself quoted to tetramethylsilane. 3'P{'H} NMR
spectra are referred to 85% H3PO4 in water. Cyclic voltammetry mea-
surements were performed using an eDAQ ET014-199 instrument in
acetone containing 0.1 M LiClO4. All the measurements were carried out
under argon at room temperature. The working electrode was 1-mm
glassy carbon disk eDAQ ET074-1, while the auxiliary electrode was
Pt-coated titanium rod eDAQ ET078-1. Ferrocene was introduced as
internal standard and a Pt wire was used as pseudo-reference electrode.

CAUTION: perchlorate salts of transition metal complexes are
potentially explosive and should be handled with care.
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2.2. Synthesis and characterization of the complexes

2.2.1. Synthesis and characterization of 157# and 2874

0.3 mmol of [Cu(x?>BH4)(PPhs)z] (0.181 g) or [Cu(x>-BH4)(DPE-
phos] (0.185 g) and 0.3 mmol of BTD (0.041 g) were dissolved in 50 mL
of dichloromethane. The solution was cooled at 77 K with a nitrogen
bath and put under inert atmosphere. 41 pL of HBF4-Et;0 (0.3 mmol)
were added through a syringe and the reaction mixture was allowed to
slowly warm up to room temperature. After stirring overnight, the so-
lution was purified by filtration and dichloromethane was evaporated
under reduced pressure. The addition of diethyl ether (20 mL) caused
the separation of a solid, that was filtered, washed with 5 mL of diethyl
ether and dried under vacuum. Yield: 63% (0.153 g) for 1BF4, 67%
(0.166 g) for 2BF4, Crystals of 18¥4 suitable for X-ray diffraction were
collected from the evaporation of diethyl ether solutions.

15%4 Anal. caled for C4oH34BCuF4NoPoS (811.1 g mol ™!, %): C,
62.19; H, 4.23; N, 3.45; S, 3.95. Found (%): C, 61.94; H, 4.25; N, 3.44; S,
3.93. M. p. 155 °C (dec.). Ay (acetone, 298 K): 149 Q 'mol lem?. 'H
NMR (CDCls, 213 K) 6 8.01 (m, 2H, BTD), 7.65 (m, 2H, BTD), 7.40 (t,
3Juu = 7.5 Hz, 6H, Ph), 7.15 (t, *Juy = 7.4 Hz, 12H, Ph), 6.90 (m, 12H,
Ph). 3'P{'H} NMR (CDCl3, 298 K) 6 0.4 (FWHM = 85 Hz). '3C{'H} NMR
(CDCl3, 298 K) 8 154.7 (Cipso, BTD), 133.6 (PPh3), 130.7 (PPh3), 129.5
(BTD), 129.1 (PPhg), 121.5 (BTD). P-bonded carbons not assigned. IR
(KBr, cm™1): 3100-3020 m/w (aromatic ve-H), 2980-2850 m/w (Vcn);
1480-1385 m/w (aromatic vcc and vey); 1085 s (vggsg). UV-VIS (CHClo,
298 K, nm): <360, 311, 305, 299, 257 (sh).

2BF4 Anal. caled for C42H32BCuF4N,0P5S (825.08 g mol™!, %): C,
61.14; H, 3.91; N, 3.40; S, 3.89. Found (%): C, 60.90; H, 3.93; N, 3.41; S,
3.74. M. p. > 230 °C (dec.). Ay (acetone, 298 K): 150 Q 'mol lem? 'H
NMR (CDCl3, 298 K) 6 8.03 (m, 2H, BTD), 7.62 (m, 2H, BTD), 7.37-7.16
(m, 20H, DPEphos), 6.98 (t, 3Juy = 7.4 Hz, 2H, DPEphos), 6.84-6.65 (m,
br, 6H, DPEphos). *'P{'H} NMR (CDCl3, 298 K) § —17.6 (FWHM = 105
Hz). IR (KBr, cm ™ 1): 3070-3010 m/w (aromatic vcg), 2980-2920 m/w
(vcn); 1480-1440 m/w (aromatic vee and vey); 1085 s (Vgps). UV-VIS
(CH2Cly, 298 K, nm): <360, 290.

2.2.2. Synthesis of 1" and 3

0.472 g of [Cu(NCCH3)4][BF4] (1.5 mmol) were dissolved in 20 mL
of dry dichloromethane inside the glove box. 3.0 mmol of triphenyl-
phosphine (0.787 g) or 1.5 mmol of bis(diphenylphosphino)methane
(dppm) (0.577 g) were added to the solution. After stirring for 4 h,
0.205 g of 2,1,3-benzothiadiazole (1.5 mmol) were added and the so-
lution was stirred overnight. The solvent was then evaporated under
reduced pressure and, after adding diethyl ether, the solid was filtered,
washed and dried under vacuum. Yield: 65% (0.831 g) for IA", 60%
(0.561 g) for 3. Crystals of 3 suitable for X-ray diffraction were collected
from dichloromethane/diethyl ether solutions.

1A%, Anal. caled for Cy4qHsyBCuF4NsP,S (852.15 g mol™!, %): C,
62.02; H, 4.38; N, 4.93; S, 3.76. Found (%): C, 61.77; H, 4.40; N, 4.91; S,
3.74. M.p. 130 °C (dec.). Ay (acetone, 298 K): 193 Q 'moltem? 'H
NMR (CDCls, 298 K) & 7.99 (m, 2H, BTD), 7.62 (m, 2H, BTD), 7.47 (m,
6H, Ph), 7.42-7.24 (m, 24H, Ph), 2.29 (s, 3H, CH3CN). 'H NMR (CDCl3,
213 K) 6 7.90 (m, 2H, BTD), 7.65 (m, 2H, BTD), 7.41 (m, 6H, Ph), 7.27
(m, 12H, Ph), 7.11 (m, 12H, Ph), 2.32 (s, 3H, CH5CN). 3'P{'H} NMR
(CDCl3, 213 K) 6 —0.9 (FWHM = 35 Hz). *C{'H} NMR (CDCls, 298 K) &
154.4 (Cipso, BTD), 133.6 (d, Jpc = 12.4 Hz, PPh), 130.8 (PPh3), 129.9
(BTD), 129.1 (PPh3), 121.4 (BTD), 2.5 (NCCHs). P-bonded and C=N
carbons not assigned. IR (KBr, cm™1): 3070-3000 m/w (aromatic VCH),
1480-1440 m/s (aromatic vcc and ven), 1120-1000 m (vgg4). UV-VIS
(CH,Cly, 298 K, nm): <360, 312, 305, 300, 255 (sh).

3. Anal. caled for CsgHs1BoCugFgN3P4S (1246.71 g mol™%, %): C,
55.88; H, 4.12; N, 3.37; S, 2.57. Found (%): C, 55.66; H, 4.14; N, 3.36; S,
2.56. M.p. 145 °C (dec.). Ay (acetone, 298 K): 257 Q 'mol lem? 'H
NMR (CDCl3, 298 K) & 7.83 (m, 2H, BTD), 7.54 (m, br, 2H, BTD),
7.40-7.15 (m, 40H, dppm), 3.74 (m, br, 4H, dppm), 2.31 (s, 3H,
CH4CN). 3'P{'H} NMR (CDCls, 298 K) § —12.3 (FWHM = 20 Hz). '3C
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{'H} NMR (CDCls, 298 K) & 154.1 (Cipso, BTD), 132.7 (dppm), 131.0
(dppm), 130.0 (BTD), 129.22 (dppm), 121.2 (BTD), 25.4 (dppm), 2.6
(NCCH3). Cipso not assigned. IR (KBr, cm’l): 3100-3000 m/w (aromatic
ven), 2990-2850 m/w (vey), 2280 w (Vc=n), 1480-1440 m/s (aromatic
vee and ven), 1100-995 m (vggg). UV-VIS (CH,Cl,, 298 K, nm): <360,
312, 306.

2.2.3. Synthesis of 1€104, 2€104 qnd 4

0.100 g of CuCl (1.0 mmol) were suspended in 15 mL of dry
dichloromethane and 2.0 mmol of triphenylphosphine (0.525 g), or 1.0
mmol of DPEphos (0.539 g) or dppm (0.384 g) were added. After the
complete dissolution of CuCl, a stoichiometric amount of benzothia-
diazole (1.0 mmol, 0.136 g) was added and the solution suddenly
became yellow coloured. Then 0.207 g of AgClO4 (1.0 mmol) were
added and the mixture was left overnight under stirring. The AgCl
formed was separated by centrifugation. The solvent was evaporated
under reduced pressure to afford an oil that was triturated with diethyl
ether. The so-obtained solid was filtered, washed with diethyl ether and
dried under vacuum. Yield: 71% (0.585 g) for 10104, 75% (0.628 g) for
20104 7304 (0.500 g) for 4. Crystals of 19104 gyitable for X-ray diffraction
were collected from dichloromethane/diethyl ether solutions.

1€194_ Anal. caled for C4oH34ClCuN,04P5S (823.74 g mol ™!, %): C,
61.24; H, 4.16; N, 3.40; S, 3.89; Cl, 4.30. Found (%): C, 61.22; H, 4.18;
N, 3.27; S, 3.74; Cl, 4.32. M.p. 162 °C (dec.). Ay (acetone, 298 K): 149
Q 'mol~'em?. 'H NMR (CDCls, 298 K) § 7.91 (m, 2H, BTD), 7.55 (m,
2H, BTD), 7.47-7.21 (m, br, 30H, PPh3). 'P{'H} NMR (CDCls, 298 K) &
—0.1 (FWHM = 180 Hz). "*C{*H} NMR (CDCl3, 298 K) & 154.5 (Cipso,
BTD), 133.8 (d, Jpc = 12.0 Hz, PPh3), 130.6 (PPh3), 129.7 (BTD), 129.0
(PPhs), 121.5 (BTD). P-bonded carbons not assigned. IR (KBr, em™b):
3090-2990 m/w (aromatic vcy), 1535-1440 m/s (aromatic vec and ven),
1120 s (vcio4)- UV-VIS (CH2Cly, 298 K, nm): <350, 312, 305, 298, 248

).

20104 Apal. caled for C42H32CICuN,0O5P,S (837.73 g mol’l, %): C,
60.22; H, 3.85; N, 3.34; S, 3.83; Cl, 4.23. Found (%): C, 60.15; H, 3.87;
N, 3.35; S, 3.81; Cl, 4.21. M.p. 200 °C (dec.). Ay (acetone, 298 K): 90
@ 'mol 'em? 'H NMR (CDCls, 298 K) & 7.97 (m, 2H, BTD), 7.56 (m,
2H, BTD), 7.37-7.26 (m, br, 12H, DPEphos), 7.21 (m, br, 8H, DPEphos),
6.98 (t, 2H, 3Juy = 7.6 Hz, DPEphos), 6.81-6.53 (m, br, 6H, DPEphos).
31p{1H} NMR (CDCls, 298 K) 6 —16.1 (FWHM = 192 Hz). *c{'H} NMR
(CDCl3, 298 K) & 157.7 (Cipso, DPEphos), 154.5 (Cipso, BTD), 134.0
(DPEphos), 133.9 (t, Jpc = 7.7 Hz, DPEphos), 132.0 (DPEphos), 130.6
(DPEphos), 129.6 (BTD), 129.0 (t, Jp¢ = 4.9 Hz, DPEphos), 124.8
(DPEphos), 121.4 (BTD), 119.5 (DPEphos). P-bonded carbons not
assigned. IR (KBr, cm’l): 3080-2990 m/w (aromatic vcy), 1525-1385
m/s (aromatic vgc and vey), 1140-1050 s (Vcio4). UV-VIS (CH2Cly, 298 K,
nm): <360, 270.

4. Anal. caled for CgoHs2CloCuaN4OgP4S, (1367.12 g mol’l, %): C,
54.47; H, 3.83; N, 4.10; S, 4.69; Cl, 5.19. Found (%): C, 54.26; H, 3.85;
N, 4.08; S, 4.67; Cl, 5.21. M.p. 200 °C (dec.). Ay (acetone, 298 K): 196
Q@ 'mol~lem? 'H NMR (CDCls, 298 K) & 7.98 (m, br, 4H, BTD), 7.59 (m,
br, 4H, BTD), 7.22-7.08 (m, 24H, dppm), 7.01 (t, 16H, 3JHH = 7.6 Hz,
dppm), 3.40 (m, br, 4H, dppm). 3'P{'H} NMR (CDCl3, 298 K) 5 —13.0
(FWHM = 30 Hz). 1*c{'H} NMR (CDCls, 298 K) & 133.4 (BTD), 132.6
(dppm), 130.4 (dppm), 129.7 (BTD), 128.8 (dppm), 121.5 (BTD), 26.7
(dppm). Cjpso not assigned. IR (KBr, em™1): 3090-2990 m/w (aromatic
Vcn), 2950-2900 (vey), 1530-1440 m/s (aromatic vee and vey), 1160-
1030 s (vcio4). UV-VIS (CH,Cl,, 298 K, nm): <340, 250, 267 (sh), 275
(sh), 285 (sh), 296 (sh), 302 (sh), 309 (sh).

2.3. Crystal structure determination

Crystallographic data were collected at CACTI (Univ. of Vigo) at 100
K (CryoStream 800) using a Bruker D8 Venture Photon IT CMOS detector
and Mo-Ka radiation (A = 0.71073 A) generated by an Incoatec Micro-
focus Source IpS. The software APEX3 was used for collecting frames of
data, indexing reflections, and the determination of lattice parameters,
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SAINT for integration of intensity of reflections, and SADABS for scaling
and empirical absorption correction [85]. The crystallographic treat-
ment was performed with the Oscail program [86], solved using the
SHELXT program [87]. The structure was subsequently refined by a
full-matrix least-squares based on F? using the SHELXL program [88].
Non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Hydrogen atoms were included in idealized positions and
refined with isotropic displacement parameters. For 1€194  the coordi-
nated perchlorate anion resulted to be disordered, and two of the oxygen
atoms were modelled over two positions with occupancy factors 0.585
(14):0.415(14). In the case of the dimeric compound 3 a
non-merohedral twinning was found in the last stages of the refinement
(B angle is about 92.6°) and was treated by using TWINROTMATR
subroutine in PLATON. After this treatment, some atoms are disordered,
but they were not modelled further. CCDC 2242770-2242772 contain
the supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif. PLATON (version
60720) was used to obtain some geometrical parameters from the cif
files [89].

2.4. Photoluminescence measurements

Absorption spectra in dichloromethane solutions were collected
using a PerkinElmer Lambda 40 spectrophotometer. Photoluminescence
measurements on solid samples were carried out using air-tight quartz
sample holders, filled in glove-box to avoid interactions of the com-
plexes with moisture. Photoluminescence emission (PL) and excitation
(PLE) measurements were carried out at room temperature on solid
samples with Horiba Jobin Yvon Fluorolog-3 spectrofluorometer. A
continuous-wave xenon arc lamp was used as source selecting the
excitation wavelength by a double Czerny-Turner monochromator. A
single grating monochromator coupled to a photomultiplier tube was
used as detection system for optical emission measurements. Excitation
and emission spectra were corrected for the instrumental functions.
Time-resolved analyses were performed in multi-channel scaling mo-
dality (MCS) by using a pulsed UV led sources (Horiba SpectralLEDs)
centred at 290 or 445 nm. Photoluminescence quantum yield ® of the
complexes (solid state, r.t.) was measured using an OceanOptics
HR4000CG UV-NIR detector, fiber-coupled to an integrating sphere
connected to an OceanOptics LED source centred at 365 nm. The values
were reported as the average of three measurements. The same spec-
trometer, coupled with an OceanOptics fibre QR400-7-SR-BX and an
OceanOptics DH-2000-BAL deuterium-halogen lamp was used to record
reflectance spectra at room temperature.

2.5. Computational details

Geometry optimizations were carried out using the global-hybrid
meta-NGA functional MN15 DFT functional and the Ahlrichs and Wei-
gend’s def2 split-valence polarized basis set [90,91]. The C-PCM implicit
solvation model was added to MN15 calculations, considering
dichloromethane as continuous medium [92,93]. The relative energies
of the excited states were obtained by carrying out TD-DFT (time--
dependent DFT) calculations at the same theoretical level, starting from
singlet and triplet state geometries [94]. Calculations were carried out
using Gaussian 16 [95] and the output files were analysed with Mul-
tiwfn, version 3.8 [96,97]. Cartesian coordinates of the DFT-optimized
structures are provided in the Supplementary file. The percent buried
volume (V%) was calculated with the SAMBVCA 2.1 program [98],
using the default parameters (bond radii scaled by 1.17, sphere radius
3.5 A). All the atoms were considered, and the centre of the sphere was
put on the Cu atom. The Cartesian coordinates used were obtained from
the.cif files.
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3. Results and discussion

3.1. Synthesis, characterization and X-ray structure determination of the
complexes

The investigation on heteroleptic Cu(I) complexes with BTD in the
coordination sphere began using Cu(I)-borohydride precursors,
following the conditions previously described by our research group
[81]. The decomposition of the borohydride ligand with HBF4-Eto0
followed by the addition of BTD afforded the heteroleptic complexes
184 and 284 (see Scheme 1). The formulation of the products did not
change also working with an excess of BTD. A different synthetic
approach, based on the stepwise substitution of the ligands in [Cu
(NCCHs)4][BF4] with PPhs and BTD, afforded the complex lA", where
the retention of an acetonitrile molecule in the coordination sphere is
proposed on the basis of experimental data. The use of the bidentate
phosphine dppm instead of PPhg allowed the isolation of the unsym-
metrical dinuclear complex 3 depicted in Scheme 1, where one Cu(l)
interacts with a BTD ligand, while the other one with an acetonitrile
molecule. Quite surprisingly, the complete displacement of acetonitrile

S 1) HBF,-Et,O P,

y 2) BTD
H  CH,Cl, r.t., overnight

CH,Cl,, rit. Lo
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from Cu(I) was not achieved also carrying out the reactions overnight
with an excess of BTD. Cu(I) BTD derivatives without coordinated
acetonitrile were obtained employing CuCl as precursor. The addition of
the chosen phosphine to a suspension of CuCl in dichloromethane
determined its solubilisation. BTD was then added in the presence of Ag
() perchlorate and, after work-up, the complexes 16104 9C104 419 4
were isolated.

As described below, 18F4 1194 4nd 3 were structurally character-
ized. According to experimental and DFT outcomes, the formula [Cu
(NCCH3)(BTD)(PPhs),] [BF4] is proposed for 14", The possible geome-
tries of 28 and 29194 are more ambiguous, and DFT calculations sug-
gested the formation of polynuclear compounds with bridging BTD.
Finally, thanks to the similarity with compound 3 and according to DFT
outcomes, a dinuclear structure for 4 with bridging dppm ligands is
proposed in Scheme 1.

The proposed formulae were supported by elemental analysis data
and conductivity measurements in acetone, where the complexes
behaved as 1:1 or 1:2 electrolytes. The IR spectra showed aromatic vcy,
vcc and vy stretchings associated with the coordinated phosphines and
BTD, besides the stretchings of the BF; and ClO; counterions in the
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Scheme 1. Synthesis of heteroleptic 2,1,3-benzothiadiazole Cu(I) complexes.



V. Ferraro et al.

1100-990 cm ™! range, as observable for instance in the IR spectra of
1374 and 1€194 superimposed in Fig. S1. No evidence of B-H bonds
could be noticed for the complexes obtained from borohydride pre-
cursors. The presence of coordinated acetonitrile was revealed in the
case of 3 by the weak vg—y stretching at 2280 cm ™! (Fig. S2). The same
stretching was unfortunately too weak to be detected in the case of 147,

The signals attributable to coordinated BTD were observed in the
high frequency region of the 'H NMR spectra recorded at variable
temperatures, together with the resonances of the phenyl substituents of
the phosphines. Despite the coordination, the BTD ligand appeared
symmetric, showing two multiplets in the high frequency region for all
the complexes. Accordingly, only three BTD resonances were detected in
the 3c{'H} NMR spectra. The 9 and 3c{'H} NMR suggest fluxional
behaviour in solution, as confirmed by the broadness of the 3!P{'H}
NMR spectra, composed by a single resonance also in the case of the
asymmetric complex 3. Resonances in the low frequency region were
observed for complexes 147, 3 and 4, having acetonitrile and/or dppm in
the coordination sphere. In particular, the methyl fragment of acetoni-
trile resonated respectively at 2.32 and 2.18 ppm in the 'H NMR spectra
of 14" and 3, with HSQC-correlated !3C resonances at around 2.5 ppm.
1H NMR, 3'P{'H} NMR, '3C{'H} NMR and '3*C-'H HSQC spectra of the
complexes can be found in ESI together with IR spectra (Figs. S3-S15).

Electrochemical measurements were conducted on free BTD, 1104
and 2194 in acetone solutions with lithium perchlorate as supporting
electrolyte (Fig. S16). Two irreversible oxidation processes occur for the
free ligand around 1.2 and 1.7 V vs Fc/Fc', while irreversible reductions
of BTD happen around —1.9 and —2.2 V vs Fc/Fc™. The process at —1.9 V
is associated to a reverse oxidation peak around —0.4 V. Complete cyclic
voltammograms were collected only limiting the potential window to
the first oxidation and reduction processes, since the expansion at higher
or lower potentials caused the accumulation of decomposition products
on the electrode surface. Roughly comparable processes are present also
for the complexes, anticipated by irreversible oxidation peaks in the 0.6
— 0.9 V vs Fc/Fc™ range, attributed to the {CuP,} fragment. As for the
free ligand, the oxidations at higher potentials and the reduction pro-
cesses caused the formation of decomposition products on the electrode
surface, thus limiting the electrochemical investigation.

Given the fluxional behaviour in solution, the analytical and spec-
troscopic data do not unambiguously support the coordination envi-
ronments proposed in Scheme 1. In the cases of 1574, 19194 and 3 the
solid-state structures were ascertained by means of single-crystal X-ray
diffraction. Suitable crystals were isolated from dichloromethane/
diethyl ether or from the slow evaporation of diethyl ether solutions. All
three complexes crystallized in the monoclinic P2;/c (No. 14) space
group.

In the solid state, the counteranion is incorporated into the coordi-
nation sphere of the metal through long interactions. As observable in
Fig. 1, the copper atom in 1%%* and 19°% is bonded to two

Fig. 1. Plots of 1574 and 1¢'°* (ellipsoids at 50% probability level). Hydrogen
atoms are omitted for clarity.
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triphenylphosphines and a BTD acting as a N-donor. Crystal data and
structure refinement are set out in Table S1. Selected bond lengths and
angles are collected in Table 1. Despite the soft Pearson characters of the
Cu(I) centre and of the sulphur atom, BTD always coordinates through
one of the nitrogen atoms [73-75].

For what concerns 154 a first look at the complex suggests
considering a trigonal planar coordination for Cu(l), related to the two
PPhj3 and the BTD ligands. The copper atom is however not in the plane
formed by the three donor atoms, but it is 0.3688(6) A over the plane.
Moreover, at only 2.3321(13) A from the copper atom and at 2.503(2) A
from the plane there is a fluorine atom of BF;. Although the Cu-F dis-
tance is longer than the sum of covalent radii, respectively equal to 1.32
()] A for Cuand 0.57(3) AforF [99], the interaction could be considered
as an example of the so-called coinage- (or regium-) bond [100] since it
is shorter than the sum of the van der Waals radii [101]. Longer Cu-F
distances respectively equal to 2.602(5) and 2.5232(2) A were observed
for instance for the mononuclear complex [Cu(OH3)(PPhs);][BF4] and
for the 3,5-dimethylpyrazole (HPzMey) 2,20-bis(diphenylphosphino)-1,
10-bi-naphthyl (BINAP) complex [Cu(HPzMey)(BINAP)][BF4] [102,
103]. The Cu-F interaction is also shorter than those measured for
several tetrafluoroborate salts of dinuclear and polynuclear Cu(I) com-
plexes with phosphines and N-donor heterocycles in the coordination
sphere [104-107]. The geometry around the copper atom in 1574 is
therefore between a tetrahedron and a vacant trigonal bipyramid.
Considering this last geometry, there is a plane defined by N(1), P(1) and
P(2), and the fluorine atom is at one of the axial positions, while the
other one is vacant. The basal triangular plane presents an important
distortion since the expected angle of 120° increases up to 127.93(2)° for
P—Cu-P perhaps because of the bulky substituents on the phosphorus
atoms. It is worth noting that P-Cu-P angles have important influences
on the photophysical properties of Cu(I) phosphine complexes [108,
109]. As shown in Fig. S17, the BTD position is not equidistant from the
two phosphine ligands, and the N(1)-Cu-P(1) and N(1)-Cu-P(2) angles
are respectively 118.67(5) and 104.98(5)°. The angle between the
nine-membered BTD plane and the Cu-N vector is only 2.44(7)°, but the
dihedral angle between the BTD plane and the basal N(1)-P(1)-P(2)
plane is 60.47(4)°, so the BTD plane is inclined with respect to that
plane. The BF4 position is also asymmetric with respect to the other
ligands, with F(1)-Cu-P(1) and F(1)-Cu-P(2) angles respectively of
101.85(4) and 114.14(4)°.

For what concerns 1C104, the environment of the Cu(l) ion is similar
to that of 18¥4 considering the change of the anion, but the geometry
around Cu(]) is best defined as a distorted tetrahedron. The copper atom
is situated at 0.4363(4) A from the N(1)-P(1)-P(2) basal plane, while it

Table 1

Selected bond lengths [A] and angles [°] for 1574 and 1€'04,
1BF4 1C104
Cu-N(1) 2.0940(17) Cu(1)-N(1) 2.0945(11)
Cu-P(1) 2.2488(5) Cu(1)-P(1) 2.2497(4)
Cu-P(2) 2.2686(6) Cu(1)-P(2) 2.2799(4)
Cu-F(1) 2.3321(13) Cu(1)-0(1) 2.2513(11)
N(1)-s(2) 1.6356(18) N(1)-S(2) 1.6328(12)
N(1)-C(9) 1.357(3) N(1)-C(9) 1.3552(17)
N(3)-S(2) 1.6060(19) N(3)-S(2) 1.6116(12)
N(3)-C(8) 1.346(3) N(3)-C(8) 1.3467(18)
B(1)-F(1) 1.412(3) CI(1)-0(1) 1.4553(11)
B(1)-F(2) 1.392(3) Cl(1)-0(2) 1.4182(11)
B(1)-F(3) 1.389(3) CI(1)-0(3) 1.370(3) 1.525(5)
B(1)-F(4) 1.381(3) Cl(1)-0(4) 1.518(4) 1.347(4)
N(1)-Cu-P(1) 118.67(5) N(1)-Cu(1)-P(1) 113.65(3)
N(1)-Cu-P(2) 104.98(5) N(1)-Cu(1)-P(2) 104.57(3)
P(1)-Cu-P(2) 127.93(2) P(1)-Cu(1)-P(2) 130.008(14)
N(1)-Cu-F(1) 78.29(6) N(1)-Cu(1)-0(1) 86.57(5)
P(1)-Cu-F(1) 101.85(4) P(1)-Cu(1)-0(1) 104.49(4)
P(2)-Cu-F(1) 114.14(4) P(2)-Cu(1)-0(1) 108.89(3)
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was 0.367 A for 18F4, The fourth coordination position is occupied by an
oxygen atom from the ClO4 anion situated at 2.2513(11) A. This dis-
tance is shorter than the sum of the van der Waals radii [99-101], and
also than the values found for instance in [Cu{2-(3'-pyridyl)benzox-
azole}(PPh3),(0Cl03)], 2.295(6) A [110] and [Cuy(dppm)2(NCN-
Mes)2(ClO4)]1[Cl04], 2.323(5) and 2.329(5) A [111]. It is noteworthy
that the three bond angles around the metal centre defined by N(1), P(1)
and P(2) are respectively 104.57(3), 113.65(3) and 130.01(1)°. The first
two should be equal in a regular geometry, but they show in 1¢/°* an
important difference. The P(1)-Cu-P(2) angle is even more obtuse than
that found in 1574, and this could influence the photophysical properties
[108,109]. Some tricoordinated [CuX(PPhg)s] complexes can be found
in the literature with similar angles [112,113], as well as tetracoordi-
nated derivatives [49]. From a structural point of view, it is interesting
to observe the different coordination of the BTD ligand by comparing
1874 (Fig. 517) and 19194 (Figs. S18-519). In 1%19* the N-Cu vector is
slightly bent, so that the BTD plane and the N-Cu bond form an angle of
14.03(6)°, while it was 2.44(7)° in 184 This is possibly caused by the
intermolecular =,7'-stacking interaction between the heterocyclic ring
and phenyl ring, which facilitates the packing of two neighbouring
monomers in a head-to-tail manner (see Fig. S20 and Table S2). The
dihedral angle between the nine-membered BTD plane and the basal N
(1)-P(1)-P(2) plane in 1C104 g 77.87(3)°, so the disposition is much
more perpendicular if compared to 154, where the same angle was
60.47(4)°.

The use of the bidentate phosphine dppm provided the dinuclear
complex 3, with two Cu(I) atoms asymmetrically coordinated, as
observable in Fig. 2. Crystal data and structure refinement are set out in
Table S3. Selected bond lengths and angles are given in Table 2. Cu(1)
bears two phosphorus atoms from two different dppm ligands and one
BTD acting as a N-donor, while Cu(2) is coordinated to the other two
phosphorus atoms of dppm ligands and a nitrogen atom from an
acetonitrile molecule. Both the copper atoms are tricoordinated in a
planar trigonal geometry.

The sum of all the angles around Cu(1) is 358.7°, while it is 359.5°
for Cu(2). Cu(1) and Cu(2) deviate from the corresponding planes
formed by the three donor atoms respectively by 0.130(1) and 0.092(1)
A. The angles around the metal centres are quite different, since those
concerning Cu(2) are close to 120°, while the coordination sphere
around Cu(1) is much more distorted, with a P-Cu(1)-P angle of 152.43
(4)° and P-Cu(1)-N angles of 99.3(1) and 106.9(1)°. The two copper
atoms are arranged together by two dppm with the formation of a
CuyP4Cy cyclic eight-membered framework. The distance between the
metal centres is quite long, equal to 3.3135(7) A [114]. There are about
175 compounds described in the CCDC database with two bridging
dppm ligands joining two copper atoms [115], but only six examples
show different environments for the two copper atoms as occurs for 3. In

@(Bzrﬁ

Fig. 2. Plot of 3 (ellipsoids at 50% probability level). Hydrogen atoms are
omitted for clarity.
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Table 2

Selected bond lengths [;\] and angles [°] for 3.
Cu(1)-N(1) 2.089(3) Cu(2)-N(2) 1.967(3)
Cu(1)-P(1) 2.2230(11) Cu(2)-P(2) 2.2593(12)
Cu(1)-P(3) 2.2314(11) Cu(2)-P(4) 2.2518(11)
Cu(1)-F(11) 2.541(2) Cu(1)-Cu(2) 3.3135(7)
B(1)-F(11) 1.418(5) B(2)-F(21) 1.381(7)
B(1)-F(12) 1.384(5) B(2)-F(22) 1.385(6)
B(1)-F(13) 1.397(5) B(2)-F(23) 1.372(7)
B(1)-F(14) 1.392(5) B(2)-F(24) 1.376(7)
N(1)-S(2) 1.634(4) S(2)-N(3) 1.605(4)
N(1)-C(9) 1.354(6) N(3)-C(8) 1.356(6)
N(2)-C(1) 1.141(5) C(1)-C(2) 1.457(6)
N(1)-Cu(1)-P(1) 106.89(10) N(2)-Cu(2)-P(2) 117.31(11)
N(1)-Cu(1)-P(3) 99.34(10) N(2)-Cu(2)-P(4) 120.65(11)
P(1)-Cu(1)-P(3) 152.43(4) P(4)-Cu(2)-P(2) 121.50(4)
N(1)-Cu(1)-F(11) 89.33(12) N(2)-Cu(2)-Cu(1) 94.55(10)
P(1)-Cu(1)-F(11) 86.81(7) P(4)-Cu(2)-Cu(1) 91.58(3)
P(3)-Cu(1)-F(11) 85.11(7) P(2)-Cu(2)-Cu(1) 91.26(3)
N(1)-Cu(1)-Cu(2) 169.60(10) C(1)-N(2)-Cu(2) 168.1(3)
P(1)-Cu(1)-Cu(2) 77.94(3) N(2)-C(1)-C(2) 178.6(4)
P(3)-Cu(1)-Cu(2) 77.64(3)
F(11)-Cu(1)-Cu(2) 100.25(6)

most of the compounds described in the literature, the eight-membered
ring CupP4C; is symmetrical and shows a chair-like conformation [116],
although some examples of boat-like conformation were also reported
[117]. The conformation of 3 (see Fig. S21) is quite abnormal because
the carbon atoms of the eight-membered ring are both above the {P4}
plane (boat conformation) [118], but the Cu(I) atoms lie one below the
plane by 1.040(1) }o\, Cu(2), while the other one, Cu(1), is almost in the
plane, separated only by 0.101(1) A. BTD is coordinated to Cu(1), and
the ligand occupies an equatorial position with N(1) only 0.148(4) A
below the {P4} plane. The N(1)-Cu(1)-Cu(2) angle is therefore almost
linear, being equal to 169.60(10)°. On the other hand, the CH3CN ligand
is in an axial conformation, N(2) atom is 2.963(4) A below the {P4}
plane and the N(2)-Cu(2)-Cu(1l) angle is almost perpendicular, 94.55
(10)°. The acetonitrile molecule is linear, and the C-C-N and C-N-Cu
angles of 178.6(4)° and 168.1(3)° show the usual behaviour exhibited
by this ligand [117]. The plane of the BTD ligand does not bisect the
P-Cu-P angle, and the angle between the nine-membered plane of the
heterocycle and the N(1)-Cu(1) bond vector is 20.81(16)° (see Fig. S22).

The asymmetric unit contains two tetrafluoroborate anions, one of
them with a fluorine atom at 2.541(2) A from Cu(1) and at 2.406(2) A
from the related PoN plane. As described for 15F4, the fluorine appears in
the axial position of a vacant trigonal pyramid and the interaction can be
considered another example of the so-called regium-bond. A comparable
situation involves Cu(2), because a fluorine of a neighbour molecule
with symmetry operation 0.5-x, y-0.5, 1.5-z is situated at 3.001(3) A, but
the distance to the PoN plane is shorter and equal to 2.808(3) A (see
Fig. $23).

The nature of the bond between Cu(l) and BF; or ClO; was inves-
tigated for 154 and 1¢104 by means of C-PCM/MN15 DFT calculations.
The presence of a continuous medium was introduced to avoid the
overestimation of electrostatic interactions between cations and anions.
The AIM analysis revealed in the case of the model structure of 1554 the
presence of two (3,-1) bond critical points (BCP) between the metal
centre and two fluorine atoms of the counterion (see Fig. 3). Selected
computed properties at BCP are reported in Table 3. The electron density
(p) and potential energy density (V) values indicate that the two Cu---F
interactions have different strengths. The energy density (E) and Lap-
lacian of electron density (V2p) give information about the nature of the
interactions. In particular, the negative sign of E and the positive value
of V2p are in agreement with Bianchi’s definition of dative bond
[119-121]. The AIM analyses revealed a quite different interaction with
the counterion in the case of the DFT-optimized structure of 16104 Ag
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Fig. 3. DFT-optimized structures of 1%%4 and 19194 (C-PCM/MN15/def2-SVP). Colour map: Cu, orange; Cl, green; S, yellow; P, light orange; F; greenish yellow; O,
red; N, blue; C, grey; B, pink. Hydrogen atoms are omitted for clarity. Selected (3,-1) BCPs as small purple spheres.

Table 3

Selected properties at Cu---F and Cu---O (3,-1) BCPs for the DFT-optimized
structures of 1574 and 1%1°4, p = electron density, e A~; V = potential energy
density, Hartree A3 E= energy density, Hartree A3 V?p = Laplacian of
electron density, e A5,

Cu---F [A] p % E v2p
15F4 2.518 0.148 —0.175 —0.027 1.663

2.345 0.202 ~0.250 —0.020 2.940

Cu---0 [A] p v E v2p
1¢104 2.194 0.310 —0.391 0.196 6.097

observable in Fig. 3, only one Cu---O (3,-1) BCP was localized. The
positive values of both E and Vzp (Table 3) are in line with an electro-
static interaction.

The structure proposed for 14" in Scheme 1, [Cu(NCCH3)(BTD)
(PPh3),][BF4], was computationally optimized and compared with
possible isomers, in particular [Cu(BF4)(BTD)(PPh3)]eeeCH3CN and [Cu
(BF4)(NCCH3)(PPh3)]eeeBTD. As observable in Fig. S24, the isomer with
{N3P5} inner coordination sphere was the most stable, even if the Gibbs
energy difference with the other species is limited, indicating the
roughly comparable coordinating ability of CH3CN, BTD and the BFy
anion.

For what concerns 2574 and 2¢'°%, mononuclear geometries in line
with those experimentally observed for 1874 and 1¢10% were optimized
and compared with dinuclear derivatives having formulae [Cu(DPE-
phos)(BF4)(p-BTD)Cu(BTD)(DPEphos)]1[BF4] and [Cu(DPEphos)(ClO4)
(p-BTD)Cu(BTD)(DPEphos)]1[ClO4], trying to take into account the
possible formation of coordination polymers. The optimized geometries
are shown in Fig. S25 with the relative energy values. The dinuclear
models revealed to be strictly comparable to the mononuclear coun-
terparts from a thermodynamic point of view, thus suggesting that the
DPEphos derivatives could be polynuclear compounds.

Finally, in the case of compound 4, DFT calculations afforded a
stationary point in line with the experimental structure of 3, ie. a
dinuclear geometry with bridging dppm ligands and ClO4 ions inter-
acting with the Cu(I) centres (computed Cu-O distances 2.168 and
2.330 ;\). The DFT-optimized structure of 4 is shown in Fig. 526.

3.2. Absorption and emission features

The complexes are characterized by absorptions for wavelengths
below 375 nm in diluted CH,Cly solutions (see Figs. S27 and S28),
roughly coincident with the n*<nx transitions of free BTD at longer
wavelengths. Although the complexes are yellow or orange powders at
the solid state, once dissolved in common organic solvents the colour
disappears and no tail in the visible range is observable. As a

consequence, solution of the complexes at the concentrations typical of
conductivity measurements and UV-Vis spectroscopy are colourless.
The extension of the absorption range, most likely accountable to MLCT
transitions, can be detected at the solid state, with absorptions in the
violet-blue region (see the inset of Fig. S27). The different transitions
observed passing from solid state to solution agree with the fluxional
behaviour previously deducted by means of NMR spectroscopy. In fact,
according to the X-ray structures previously discussed, four different 'H
NMR aromatic resonances are expected for BTD acting as monodentate
ligand, and not only two as experimentally observed. The reversible
dissociation of BTD probably accounts for the lack of charge transfer
absorptions in solution. Moreover, it is worth noting that the photo-
physical properties of low-coordinated Cu(I), Ag(I) and Au(I) metal
complexes are very sensitive to subtle anion contacts because of the
resulting structural distortions both at the ground and at the excited
state [122-127].

TD-DFT calculations were conducted on the computed structures of
1374 and 1€1°%, The hole and electron distributions associated with the
singlet-singlet transition, depicted in Fig. 4, clearly indicate that the
lowest-energy absorptions have a charge transfer nature, with the
electron moving from an occupied orbital centred on the metal centre
and on the P-donors to an unoccupied n* orbital of the BTD ligand. The
molecular orbitals mostly involved in the processes are HOMO and
LUMO, as deducible from Table S4, even if the contribution of other
occupied orbitals is not negligible. The HOMOs are mostly localized of
the {CuP,} fragment and on the P-bonded aryl substituents, while the
LUMOs coincide with a n* orbital of the BTD heterocycle (Fig. S29).

Excitation of powder samples with near-UV and violet-blue light
affords intense red emissions centred between 620 and 685 nm. As ex-
pected from the absorption data, the luminescence is not maintained in
solution, since the reversible break of the Cu-BTD bonds avoids the
possibility of charge-transfer phenomena. Moreover, the dissociation of
the counterions in solution could also play a role. A recent example is
provided by the work of Ganter, Steffen and co-workers, that observed
luminescence for N-heterocyclic carbene (NHC) Cu(I) complexes
bearing pyridine derivatives (py®) as chromophore ligands only when
Cu-F interactions between BF; and [Cu(pyR)(NHC)]+ were present
[128]. Photophysical data for all the complexes are summarized in
Table 4, while the PL spectra collected with Aexcitation = 350 nm are
shown in Fig. 5. The excitation range of all the compounds covers the UV
and part of the visible range, with an extension to longer wavelengths for
the compounds with the most red-shifted emission maxima. The PLE
spectra (Aemission = 630 nm) are collected in Fig. S30. The replacement of
triphenylphosphines with DPEphos causes a red shift of the emission, as
already observed for other Cu(I) derivatives [70]. The reduction of ®
appears almost in part related to the energy gap law [129,130]. The
substitution of the tetrafluoroborate ion with perchlorate also shifts the
emission towards longer wavelengths and reduces the & values,
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Fig. 4. DFT-optimized structures (ground singlet state) of 1% and 19194 with hole (green) and electron (cyan) distribution related to the lowest energy single-
t<singlet absorption (surface isovalue = 0.001 a.u.). Colour map: Cu, orange; Cl, green; S, yellow; P, light orange; F; greenish yellow; O, red; N, blue; C, grey; B, pink.

Hydrogen atoms are omitted for clarity.

Table 4
Photophysical data of the complexes at the solid state (r.t.).

2 PL, nm (FWHM: cm™!) " PLE, nm ‘1, s Y, %
1574 646 (FWHM = 3400) <530 1310 46
2BF4 675 (FWHM = 3400) <590 70 31
1An 638 (FWHM = 3100) <520 1242 18
623 (FWHM = 3500) <480 1789 35
1¢104 660 (FWHM = 3600) <530 1572 38
oclo4 680 (FWHM = 3400) <590 81 26
4 683 (FWHM = 4000) <590 1283 13

a Aexcitation = 350 nm.
Aemission = 630 nm.
¢ Aexcitation = 290 nm.
Aexcitation = 365 nm.
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Fig. 5. Normalized PL spectra of the complexes and CIE 1931 diagram for 1574,

Powder samples, r.t., hexcitation = 350 nm.

according to the non-innocent role of the counterions revealed by X-ray
structures and DFT calculations. On comparing 1574 and 14, the addi-
tion of an acetonitrile molecule in the Cu(I) coordination sphere poorly
affects the emission maximum, but the ® value of 14" is meaningfully
lower. Possible reasons are the vibrational coupling with the acetonitrile
bonds and the change of Cu(I) geometry. For what concerns the dppm
complexes 3 and 4, the formal replacement of an acetonitrile ligand with
BTD and the variation of counteranion from BF; to ClO; caused a

red-shift of the emission maximum by about 60 nm, and the photo-
luminescence quantum yield of 3 is noticeably higher than that of 4. It is
likely to suppose that the modifications affected also the intermolecular
interactions at the solid state, and it is not possible to rationalize the
changes that occurred on the basis of the available data.

On considering the data reported in Table 4, the best performances in
terms of ® were achieved with the mononuclear triphenylphosphine
derivative 184 (46%). The CIE chromaticity coordinates are x = 0.622
and y = 0.378, corresponding to a reddish-orange emission with unitary
colour purity (Fig. 5) [131]. The CIE 1931 region is the same as common
Eu(III) luminescent derivatives [132-136], even if the observed colour
for 18¥4 is more orange-shifted. The good photoluminescence quantum
yields of the triphenylphosphine derivatives 15¥4 and 1€194 can be
tentatively ascribed to the very large P-Cu-P angle, around 130°, as
observed in similar compounds [49,56,137].

The Stokes shifts in the 5000-9000 cm ™! range (measured between
the PL and the lowest energy PLE maxima) and the wide bands (FWHM
values between 3000 and 4000 cm ™) suggest the involvement of triplet
excited states in the emission. This hypothesis is strongly supported by
the observed lifetimes t, that are in the micro- and millisecond ranges. It
is worth noting that milliseconds-long lifetimes were reported only in a
few cases for Cu(l) complexes at room temperature [138,139]. The
choice of the phosphine strongly influences the observed lifetime, since
DPEphos derivatives are characterized by much shorter t values (tens of
ps) if compared to triphenylphosphine and dppm complexes (thousands
of ps). Such a difference can be tentatively attributed to different mo-
lecular structures, mononuclear for the triphenylphosphine complexes,
and perhaps polynuclear with bridging BTD for the DPEphos-containing
compounds.

In order to investigate the emission mechanism, TD-DFT simulations
using the triplet ground state geometries of 1574 and 1194 were carried
out. The charge density differences associated with the lowest-energy
triplet<singlet absorptions, i.e. the reverse processes of the phospho-
rescent emissions, are shown in Fig. 6. The plots show that the transi-
tions involve the metal centre, the phosphine ligands and the occupied
and empty orbitals of BTD. Table S4 reports selected predicted param-
eters for the transitions. As for the singlet ground state geometries, the
frontier orbitals are principally involved, comparable to those described
for the ground singlet states (Fig. S31).

The comparisons of 18F4 with 1¢10% and of 2B with 2¢104 highlight
that the lifetimes are influenced by the choice of the counterion. The t
values are around 15% longer for perchlorates if compared to tetra-
fluoroborate salts, as highlighted in Fig. 7. The photoluminescence
quantum yields are lower in the case of perchlorate derivatives, indi-
cating that different alterations of the Cu(I) coordination sphere by the
counterions influence the radiative kinetic constant. The values of the
radiative (k;) and non-radiative (k,;) constants were estimated on the
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Fig. 6. DFT-optimized structures (triplet state) of and

Dyes and Pigments 217 (2023) 111388

with plots of the charge density difference (violet and red, surface isovalue = 0.001 a.u.) related to

the lowest energy triplet«singlet absorption (the emission is the reverse process). Colour map: Cu, orange; Cl, green; S, yellow; P, light orange; F; greenish yellow; O,

red; N, blue; C, grey; B, pink. Hydrogen atoms are omitted for clarity.
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Fig. 7. Semi-log plot of luminescence decay curves of 1874 (full circles) and
194 (open circles). Powder samples, I.t., Aexcitation = 290 NM, Aemission =
640-670 nm.

basis of the equation ® = k./(k; + ky) = 7 k; and are summarized in
Table S5 [140]. In the case of 15¥* the k; and ky, values are respectively
around 3.5010% and 4.1¢10% s~ L. The k, value in 16104 g lower, 2.4¢10?
s~!, while the ky, constant is comparable, 3.9¢10% s~ L. Similar consid-
erations can be drawn from the comparison of 2% and 2¢1°%, The
radiative constants are 4.4e10° and 3.2e10° s™! respectively for the
tetrafluoroborate and perchlorate derivatives, while the k,, values are
more similar, 9.9¢10° s ! for 2574 and 9.1¢10% s7! for 20104,

The data provided indicate that the nature of the counterion mostly
affects the k; values. On considering the X-ray structures of 15 and
1Cl°4, the buried volume (V%py,) [98] values associated with tetra-
fluoroborate and perchlorate are respectively 25.5% (z axis along
Cu---B) and 24.6% (z axis along Cu---Cl), while those of the ligands are
29.1-29.4% (BTD, z axis along Cu-N) and 63.2-62.8% (triphenylphos-
phines, z axis along Cu-N). Globally, V%, varies from 93.5% in 1874 ¢
92.5% in 1€104 (z axis along Cu-N). Since the influence of the coordi-
nated ligands on the photoluminescence quantum yield is often dis-
cussed in the current literature in terms of V%yy, (with higher V%py,
commonly associated with a higher photoluminescence quantum yield)
[63,141], the greater k, value of 1BF4 jg perhaps in some way related to
the higher steric hindrance on the Cu(I) metal centre. The buried vol-
umes are represented in Fig. S32. Another factor to be considered is the
different nature of the Cu---BF4 and Cu---ClOy4 interactions highlighted

by AIM calculations, dative in the first case and electrostatic in the
second one.

All these considerations should be extended to the long-living triplet
states of the complexes, having different equilibrium geometries with
respect to the singlet ground states. Recent findings on the influence of
different counterions on the luminescence features of cationic Cu(l)
complexes having formulae [Cu(PéP)(NeN)]™ (PéP = oxydi(2,1-phe-
nylene)bis(diphenylphosphane) and 9,9-dimethyl-9H-xanthene-4,5-
diyl)bis(diphenylphosphane); NE¢N = 6-methyl-2,2'-bipyridine and
6,6’-dimethyl-2,2'-bipyridine) [125,126] suggest as possible explana-
tion that the different environments surrounding the copper centre
cause a variation of its charge density, thus leading to a change in the
probability of spontaneous radiative decay. The Hirshfeld population
analysis on 1574 and 1%9* in their triplet state geometries effectively
evidenced a meaningful change of the copper partial charge, equal to
0.207 a.u. in 1% and to 0.281 a.u. in 19194,

4. Conclusions

The luminescent Cu(I) BTD complexes with formally unsaturated
coordination spheres here reported revealed to have photophysical
properties strongly dependent upon the choice of the ancillary ligands
and the counterion. The non-innocent counterions generate interactions
of different nature with the metal centre and alter the steric hindrance
around Cu(l). The data collected suggest high adjustability of the
luminescent features in this class of compounds on changing the coor-
dination sphere, of potential interest for further developments. BTD it-
self can be functionalized and used as building block for the preparation
of chelating ligands. The extremely long lifetimes and the wide excita-
tion spectra of the reported compounds suggest possible future appli-
cations in photocatalysts. Moreover, some selected emission features
roughly comparable to those of Eu(Ill) complexes make the Cu(I) BTD
derivatives appealing in fields such as optoelectronics, anti-
counterfeiting and data encryption.
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