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Abstract

- Lodovico Agostinis? - Marco Bortoluzzi'*

Bis(benzotriazol-1-yl)phenylmethane CHPh(btz), and tris(benzotriazol-1-yl)methane CH(btz), were used as N-donor ligands
to prepare luminescent heteroleptic copper(I) complexes. [Cu{ CHPh(btz), } (PPh;),][BF,] and [Cu{CHPh(btz), }(DPEphos)]
[BF,] (DPEphos = bis[(2-diphenylphosphino)phenyl] ether) were obtained from the corresponding borohydride complexes
[Cu(BH,)(PPh;),] and [Cu(BH,)(DPEphos)] and tetrafluoroboric acid. [Cu{CH(btz);}(PPh;)][BF,] and [Cu{CH(btz),}
(PiPr3)][BF 4] were prepared from the acetonitrile complex [Cu(NCCH;),][BF,]. The complexes exhibited bright yellow or
orange emissions upon excitation with near-UV and violet light. The photoluminescent properties were attributed to metal-
to-ligand charge transfer transitions on the basis of experimental data and DFT calculations.

Introduction

Luminescent earth-abundant transition metal complexes are
nowadays extremely appealing from a technological point
of view as they can be used in advanced applications [1-4].
Copper(I) coordination compounds play a role of paramount
importance in this field, because suitable triplet excited
states can produce strong emissions with luminescence per-
formances comparable to the commonly used iridium(IIT)
and platinum(II) derivatives [5, 6]. Moreover, the possibility
of harvesting also singlet excited states originates a peculiar
feature in luminescent copper(I) complexes, called thermally
activated delayed fluorescence (TADF), of huge interest for
applications in organic light-emitting diodes (OLEDs) tech-
nology [7-9].
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The pivotal investigation of McMillin et al. on the
1,10-phenantroline skeleton allowed to point out several
intriguing aspects of copper(I) luminescence [10]. Size,
chemical nature and position of the substituents on the
1,10-phenantroline skeleton strongly influence the emission,
originated from a metal-to-ligand charge transfer (MLCT)
excited state [11-14]. In the case of heteroleptic complexes,
the transition normally involves the highest occupied molec-
ular orbital (HOMO), mainly constituted by the lone pair of
the phosphine and the d orbitals of the metal centre, and the
lowest unoccupied molecular orbital (LUMO), mostly local-
ized on the ©* orbitals of the N-donor ligands [15].

An alternative to the polypyridines mentioned above is
the use of azoles as N-donor ligands. Benzimidazole was
deeply investigated for the preparation of luminescent
Cu(I) complexes [16—18]. On the contrary, besides being
extremely versatile, benzotriazole was mostly considered
as building block for organic synthesis [19, 20]. The use
of benzotriazole and its derivatives in coordination chem-
istry was mostly limited to Cu(II) as metal centre [21], for
instance with the isolation of bis(benzotriazol-1-yl)meth-
ane coordination polymers [22-24]. Poly(benzotriazol-1-yl)
borates were successfully coordinated to Cu(I) [25], but less
attention was devoted to the isoelectronic tris(benzotriazol-
I-yl)methane CH(btz),, although this compound is known
since the 1980s [26-30].

Our research group is currently focused on the synthe-
sis and characterization of luminescent first row transition
metal complexes [31-37]. We improved the synthesis of
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bis(benzotriazol-1-yl)arylmethanes [38] and the same proce-
dure was later extended to bis(indazol-1-yl)phenylmethane.
This last species was used as chelating ligand for the prepa-
ration of an homoleptic luminescent Cu(I) complex [39].
Following the previously reported results, bis(benzotriazol-
1-yl)phenylmethane and tris(benzotriazol-1-yl)methane were
chosen as possible bi- and tridentate ligands for the prepara-
tion of new luminescent heteroleptic Cu(I) complexes.

Experimental section
Materials

Commercial solvents (Aldrich) were purified following
reported procedures in order to be used inside the glove box
[40]. The other reagents were Aldrich, TCI or Carlo Erba
products and used as received. Triisopropylphosphine was
used as 10% wt. solution in hexane and stored inside the
glove box to avoid decomposition.

CuCl was synthesized according to literature procedures
using sodium sulphite as reducing agent [41]. [Cu(NCCH,),]
[BF,] was obtained from Cu,O following a reported synthe-
sis [42]. [Cu(BH,)(PPh;),] was prepared on the basis of a
literature method [43], while [Cu(BH,)(DPEphos)] (DPEp-
hos =bis[(2-diphenylphosphino)phenyl] ether) was obtained
starting from CuCl and DPEphos, using NaBH, as borohy-
dride source. The ligand bis(benzotriazol-1-yl)phenylmeth-
ane CHPh(btz), was prepared as previously reported by our
research group from benzaldehyde, bis(benzotriazol-1-yl)
methanone and catalytic amounts of anhydrous CoCl, [38].
Tris(benzotriazol-1-yl)methane CH(btz); was obtained from
benzotriazole, chloroform and sodium hydroxide following
a procedure reported in literature [44]. Crystals of this com-
pound suitable for X-ray diffraction were collected from the
slow evaporation of dichloromethane solutions.

Instrumentation

The syntheses of the complexes starting from the acetonitrile
precursor were carried out under inert atmosphere in a glove
box (MBraun Labstar with MB 10 G gas purifier) filled with
N, and equipped for inorganic syntheses. The other syn-
theses were performed using common Schlenk techniques.

Elemental analyses (C, H, N) were carried out using an
Elementar Unicube microanalyser. Conductivity measure-
ments in acetone were taken with a Radiometer Copenha-
gen CDMS83 instrument. Melting point measurements were
taken using a modified Falc 360 D apparatus equipped with
a video recording device. TGA measurements were taken
under N, atmosphere with a Q5000 instrument V3.17 Built
265. The heating rate was set at 20 °C min~! from 30 °C
up to 500 °C. IR spectra (KBr discs) were collected in the

range of 4000-400 cm™' using a PerkinElmer Spectrum
One spectrophotometer. Monodimensional nuclear mag-
netic resonance (NMR) spectra were collected at variable
temperature employing Bruker Avance 300 and Avance
400 instruments operating, respectively, at 300.13 MHz and
400.13 MHz of 'H resonance. '"H NMR spectra are referred
to the partially non-deuterated fraction of the solvent, itself
quoted to tetramethylsilane. *'P {'H} NMR and ''B NMR
resonances are, respectively, referred to 85% H;PO, in water
and BF;-Et,0 complex in CDCl,;. UV/Vis absorption spectra
were collected for dichloromethane solutions using a Perki-
nElmer Lambda 40 spectrophotometer. Photoluminescence
emission (PL) and excitation (PLE) measurements were
taken at room temperature on solid samples using a Horiba
Jobin Yvon Fluorolog-3 spectrofluorometer. A continuous
wave Xe arc lamp was used as source selecting the excitation
wavelength using a double Czerny—Turner monochromator.
A single grating monochromator coupled to a photomulti-
plier tube was used as detection system for optical emission
measurements. Excitation and emission spectra were cor-
rected for the instrumental functions. Time-resolved analy-
ses were performed using pulsed UV LED sources (Horiba
Spectraled). The photoluminescence quantum yields (¢) of
the complexes (solid state, r.t.) were measured by means of
a OceanOptics HR4000CG UV-NIR detector, fibre coupled
to an integrating sphere connected to an OceanOptics LED
source centred at 365 nm.

UV LEDs VCC VAOL-5EUV8T4, characterized by max-
imum of emission at 385 nm and luminous intensity of 100
mcd, were purchased from RS Components and connected to
a Keithley 2400 Source Meter. The emission spectrum was
registered between 400 and 1035 nm using an OceanOptics
Flame T spectrophotometer paired with an optical fibre, an
achromatic collimating lens and a long pass filter with cut-
off wavelength of 395 nm.

Synthesis of the complexes

[Cu{CHPh(btz), } (PPh;),][BF,] (1) and [Cu{CHPh(btz),}
(DPEphos)][BF,] (2) (DPEphos = bis[(2-diphenylphos-
phino)phenyl] ether) were obtained from the correspond-
ing borohydride complexes (Scheme 1). In a typical prep-
aration, HBF,-Et,0 (0.4 mL, 3.0 mmol) was added to a
dichloromethane solution (20 mL) of CHPh(btz), (0.490 g,
1.5 mmol). After 5 min, the solvent was evaporated under
reduced pressure and [Cu(BH,)(PPh;),] or [Cu(BH,)(DPEp-
hos)] (1.0 mmol) were added as solids. The reagents were
put under inert atmosphere and cooled at —196 °C with a
liquid nitrogen bath. Dichloromethane (20 mL) was then
slowly added through a syringe, and the reaction mixture
was allowed to slowly warm to room temperature. After stir-
ring overnight, the solution was purified by filtration and the
solvent was evaporated under reduced pressure. The addition



Scheme 1 Synthesis of the
Cu(I) complexes
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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 of (1) 0.711 g (71%). Yield of
(2)0.761 g (75%).

[Cu{CH(btz);}(PPh;)][BF,] (3) and [Cu{CH(btz);}
(PiPr3)][BF4] (4) were prepared from the acetonitrile
complex [Cu(NCCH,;),][BF,] (Scheme 1). The precursor
(0.315 g, 1.5 mmol) was dissolved in 20 mL of dry dichlo-
romethane, and a stoichiometric amount of the proper phos-
phine was added to the solution. The reaction mixture was
stirred at room temperature for 4 h, then tris(benzotriazol-
1-yl)methane (0.367 g, 1.0 mmol) was added and the solu-
tion was left overnight under stirring. The solvent was then
evaporated under reduced pressure, and after adding 20 mL
of diethyl ether, the solid obtained was filtered, washed with
5 mL of diethyl ether and dried under vacuum. Yield of (3)
0.616 g (79%). Yield of (4) 0.475 g (70%).

Poly(methyl methacrylate) samples (PMMA,
M,, =86,000 g mol~!, TCI Chemicals) doped with the com-
plexes were obtained from dichloromethane solutions. In
a typical preparation, the proper complex (ca. 2 mg) was
dissolved in a CH,Cl, solution (0.5 mL) containing 50 mg
of PMMA. The solution was allowed to dry at room tem-
perature on the surface of a commercial LED.

Characterization of (1). Elemental analysis for
CssH,yBCuF,NP,, caled: C, 66.0%, H, 4.4%, N, 8.4%.
Found: C, 65.7%, H, 4.5%, N, 8.4%. M.p. (°C): 105 (dec.).
Ay (acetone, 298 K, ohm™! mol~'cm?): 142. IR (KBr,
cm™!): 3100-3040 (aromatic Vo) 2980 2850 m/w (V_y);
1600-1570 m (aromatic v ¢ and ve_y); 1170-1000 s
(Vgrs)- 'H NMR (CDCls, 298 K) § 9.17 (s, 1H, CH; °C
HSQC 65.86), 8.40-8.00 (m, 4H, btz), 7.90-6.95 (m, 35H,
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Ph and PPh;). *'P {!H} NMR (CDCl;, 208 K) & 0.08
(FWHM =115 Hz).

Characterization of (2). Elemental analysis for
CssH,,BCuF,N,OP,, calcd: C, 65.1%, H, 4.2%, N, 8.3%.
Found: C, 64.8%, H, 4.2%, N, 8.3%. M.p. (°C): 160
(dec.>230 °C). Ay, (acetone, 298 K, ohm™' mol™'cm?):
169. IR (KBr, cm™!): 3100-3060 (aromatic Veon)s
2970-2850 m/w (vc_g), 1610-1570 m/s (aromatic vq_c
and vg_y), 1160-1000 m (vgpy). '"H NMR (CDCl,, 298 K)
5 9.06 (s, 1H, CH), 7.80-6.50 (m, br, 41H, btz and Ph
and DPEphos). *'P {!H} NMR (CDCl;, 298 K) & 15.45
(FWHM =94 Hz).

Characterization of (3). Elemental analysis for
C;,H,4BCuF,NyP, caled: C, 51.7%, H, 3.3%, N, 14.5%.
Found: C, 51.3%, H, 3.2%, N, 14.5%. M.p. (°C): 175
(dec.> 180 °C). Ay, (acetone, 298 K, ohm™" mol~'cm?):
126. IR (KBr, cm™"): 3100-3005 m/w (aromatic Ven)»
2970-2850 m/w (Vc_g), 1630-1560 m (aromatic v_c and
Ven), 1170-1000 s (vggy)- '"H NMR (CDCl;, 298 K) &
10.64 (s, 1H, br, CH), 7.75 (d, 3H, br, btz), 7.45-7.15 (m,
15H, br, phosphine), 6.67 (t, 3H, br, btz), 6.42 (t, 3H, br,
btz), 6.06 (d, br). *'P {'H} NMR (CDCl;, 218 K) § —1.11
(FWHM =125 Hz).

Characterization of (4). Elemental analysis for
C,3H3,BCuFNyP, caled: C, 49.6%, H, 5.1%, N, 18.6%.
Found: C, 49.4%, H, 5.1%, N, 18.5%. M.p. (°C): 140 (dec.).
Ay (acetone, 298 K, ohm™! mol‘lcmz): 162. IR (KBr,
cm™"): 3100-3010 m/w (aromatic Vo), 2970-2850 m/w
(Ve_p); 1640-1590 m (aromatic v_¢ and ve_y); 1250-1150 s
(Vgrs). 'HNMR (CDCl,, 313 K) 6 10.59 (s, 1H, CH), 8.64
(s, 3H, br, btz), 8.10 (d, 3H, Jyy =28 Hz, btz), 7.84 (t, 3H,
Juu=8 Hz, btz), 7.54 (t, 3H, Jyy =38 Hz, btz), 2.38 (m, 3H,



CH-phosphine), 1.44 (m, 18H, CH;-phosphine). *'P {'H}
NMR (CDCls, 298 K) § 37.57 (FWHM =360 Hz, br).

X-ray structure determination

Crystallographic data were collected at CACTI (Universi-
dade de Vigo) at low temperature using a Bruker D8 Venture
with a CMOS Photon 100 detector and Mo-Ka radiation
(A=0.71073 A) equipped with a CryoStream 800 system.
The software APEX3 was used for collecting frames of data,
indexing reflections and the determination of lattice param-
eters, SAINT for integration of intensity of reflections and
SADABS for scaling and empirical absorption correction
[45]. Further crystallographic treatment was performed with
the Oscail program [46]. The structure of the compound
was solved by using the SHELXT program [47] and refined
by full-matrix least-squares based on F2, SHELXL program
[48]. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were included
in idealized positions and refined with isotropic displace-
ment parameters. Further details concerning crystal data and
structural refinement are given in Table 1. CCDC 1985082
contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif. PLATON (version 220719) was
used to obtain some geometrical parameters of the cif file
[49], in particular hydrogen bonds and other weak intermo-
lecular interactions [50-54].

DFT calculations

The ground-state geometry optimization of
[Cu{CHPh(btz), }(PPh;),]* (1*) and [Cu{CH(btz),}(PPhy)]*
(3%) was carried out using the range-separated hybrid DFT
functional ®B97X [55-57] in combination with Alhrichs’
split-valence basis set def2-SVP [58]. The relative energies
of the excited states were obtained by carrying out TD-
DFT (time-dependent DFT) calculations at the same theo-
retical level using the ground-state geometry. The TD-DFT
approach was also used for the geometry optimization of the
first singlet and triplet excited states [59]. The software used
was Gaussian 16 [60]. Cartesian coordinates of the DFT-
optimized structures are given in Supplementary Data file.

Results and discussion

Polydentate benzotriazole-based ligands were synthesized
accordingly to literature procedures (see Experimental sec-
tion). To the best of our knowledge, the X-ray structure of
tris(benzotriazol-1-yl)methane was never reported [61].
The compound consists of a helical built around the tertiary

Table 1 Crystallographic data

Compound
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

©® range for data collection

Index ranges

Reflections collected
Independent reflections
Reflections observed (> 20)
Data Completeness
Absorption correction
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness of fit on F?

Final R indices [I>20(])]

R indices (all data)

Largest diff. peak and hole

CH(btz),

CioH;3Ng

367.38

100(2) K

0.71073 A

Monoclinic

P2,/c

2=9.8330(8) A
b=14.6452(10) A
c=11.9477(9) A
p=96.571(3)°
1709.2(2) A3

4

1.428 Mg/m®

0.094 mm™'

760

0.235%0.035 % 0.029 mm
2.209 to 28.345°
—12<h<13
-19<k<19
-15<i<15

32,654

4261 [R;,,=0.0560]
3295

0.999

Semi-empirical from equivalents
0.7457 and 0.6533
Full-matrix least-squares on F2
4261/0/253

1.055

R,=0.0426
WR,=0.0938
R,=0.0635
wR,=0.1022

0.246 and —0.307 e.A™3

carbon atom substituted by three N-benzotriazolyl moieties.
Figure 1 shows the ellipsoid plot of the compound [62],
along with the numbering scheme used on one of the btz
moieties. Although the structure resembles ligands such as
classical tris(azolyl)borates [63], it is more related to known
tris(azolyl)methane derivatives such as tris(pyrazolyl)
methane [64] and its trimethyl [65] or dimethyl deriva-
tives [66, 67]. Distances and angles in the compound are
in the expected range and they can be retrieved from the
CCDC, under the number 1985082. Selected data are given
in Table 2. C(1)-N bonds are between 1.439(2) and 1.465(2)
A. The N-C-N angles are comprised between 109.4(1) and
113.3(1)°, typical of a sp3 carbon atom. C(1) is 0.448(2) A
over the N(11)-N(21)-N(31) plane. The benzotriazole rings
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Fig. 1 Ellipsoid plot (50% prob-
ability level) of CH(btz); (a)
and views along the C(1)-H(1)
bond (b) and 90° y-rotated (c)

Table 2 Bond lengths [z&] and angles [°] around C(1) for CH(btz),

C(1)-N(@31) 1.4392(16) N@1)-C(1)-N(11) 113.28(10)
C(1)-N21) 1.4650(17) N(11)-C(1)-N(21) 109.40(10)
C(1)-N(11) 1.4394(16) N@1)-C(1)-N(21) 109.96(10)

are more or less planar. The root mean square deviation from
the planarity for the 8 atoms implicated is between 0.0064
and 0.0149 A. The propeller-shaped arrangement is not reg-
ular and the pseudo-C; symmetry is broken, in part because
one of the benzotriazole rings is upwards, in the same direc-
tion of the C(1)-H(1) bond. This situation is described as
ABB conformation for tris(triazolyl)methane [66, 67]. The
ABB conformation is, however, not the only distortion in the
helical arrangement. As observable in the insets of Fig. 1,
two benzotriazole rings are in opposite directions. Moreo-
ver, the dihedral angles between the N(11)-N(21)-N(31)
plane and the three benzotriazol-1-yl planes are different.
The benzotriazole rings containing N(11) (btz#1) and N(31)
(btz#3) form dihedral angles of 73.22(4)° and 82.11(3)°,
respectively. The ring containing N(21) (btz#2) breaks the
helicoid arrangement because it is much more perpendicular
to the N(11)-N(21)-N(31) plane, forming a dihedral angle
of 33.40(5)°. The dihedral angle between the perfect plane
H(1)-C(1)-N(31) and the corresponding btz#3 ring is only
7.85(3)°, and between H(1)-C(1)-N(11) and btz#1, it is

24.19(8)°. The dihedral angle increases up to 59.65(5)° on
considering the H(1)-C(1)-N(21) plane and btz#2. Dihedral
angles of 23, 29 and 62° were used by Ochando et al. to
define the ABB conformation of tris(3,5-dimethylpyrazol-I1-
yl)methane [66, 67].

The supramolecular structure is basically maintained by
some 7,m-stacking between the rings [68]. The most impor-
tant ones imply the btz#3 triazole ring and its symmetry
related [1 —x, 1 —y, 1 — z], and the btz#1 benzene ring
and its symmetry related [1 —x, —y, 1 — z]. The two inter-
actions cause a growth along the b axis (see Fig. S1). The
distances between the centroids are 3.4298(8) and 3.7669(8)
A, and the ring slippage values are 1.281 and 1.592 A,
respectively. Probably because of its different orientation
btz#2 is unable to form m,m-stacking interactions, and only
C-H---m interactions at each side of the benzene ring are
found (H—centroid—H angle of 165.6°) [69], as shown in Fig.
S2. The C—H:--w interaction with the close H(35) [symm.
op.2—x, 1 —y, 1 — z] generates dimeric entities, while that
with H(37) atom [symm. op. x, 1/2 —y, 1/2+ 7] generates
a growing in the ¢ axis (see Fig. S2). The parameters are
given in Table S1.

Heteroleptic Cu(I) complexes with bis(benzotriazol-1-yl)
phenylmethane in the coordination sphere, (1) and (2), were
obtained from the reaction of the proper Cu(I) borohydride
complex with the ligand and HBF,-Et,0O under mild condi-
tions. Complexes with tris(benzotriazol-1-yl)methane and



phosphines, (3) and (4), were instead obtained by the subse-
quent addition of the ligands to the precursor [Cu(NCCH;),]
[BF,] (see Scheme 1).

Elemental analyses are in agreement with the proposed
formulae, and conductivity measurements in acetone solu-
tions indicate that the complexes behave as 1:1 electrolytes.
The evolution of the reactions was confirmed by the IR spec-
tra, where no signal attributable to coordinated borohydride
or acetonitrile is detectable. The IR bands are related to
vibrations of the coordinated N- and P-donor ligands, super-
imposed to Vg, in the 1000—1170 cm™" range. The presence
of the counter-anion is further confirmed by the appearance
of a quintet (!/gz=0.9 Hz) in the !'B NMR spectra. Diag-
nostic for the presence of bis(benzotriazol-1-yl)phenyl-
methane or tris(benzotriazol-1-yl)methane in the coordina-
tion sphere is the methine "H NMR resonance, observable
in the high-frequency regions of the spectra between 9.06
and 10.64 ppm. The remaining 'H NMR signals fall in the
aromatic region and are related to the phosphine substitu-
ents and to the benzotriazol-1-yl or phenyl substituents of
the N-donor ligands. The only exception is the 'H NMR
spectrum of (4), with multiplets affected by the temperature
in the aliphatic region related to the isopropyl substituents
of the phosphine. The coordination of mono- and biden-
tate phosphines is confirmed by the *'P {'H} NMR spectra,
showing in all the cases only a broad resonance also at low
temperature, this indicating fluxional behaviour in solution.

The complexes are characterized by absorptions for wave-
lengths below 400 nm in diluted CH,Cl, solutions, with
molar extinction coefficients higher than 30,000 M~ cm™!
in the presence of aromatic phosphines. The tails in the vis-
ible range account for the yellow colour observed for con-
centrated solutions and powder samples. On the basis of the
comparison with the free ligands, the absorption spectra are
almost in part related to the n* «— = transitions of the aro-
matic fragments, but DFT calculations (see below) suggest
the superimposition of MLCT transitions that are, however,
not distinguishable in the UV-VIS spectra (see Fig. S3).

Excitation of powder samples can be achieved with near-
UV and violet light (see the PLE spectra in Fig. 2), affording
bright yellow and orange emissions centred between 555
and 600 nm, as observable in the PL spectra reported in
Fig. 2. The emission maxima fall at longer wavelengths for
the tris(benzotriazol-1-yl)methane derivatives. The PL and
PLE bands of (1) and (2) are roughly comparable to those
recently reported for the homoleptic bis(indazol-1-yl)phe-
nylmethane complex [Cu(N~N),]* [39]. The wider range
of the solid-state PLE spectra with respect to the solution
absorption spectra can be interpreted on the basis of the
enhancement of the MLCT transitions described below. The
luminescence is not maintained in solution. Absorption and
emission data of the complexes are given in Table 3. Pho-
toluminescent quantum yield (¢) values depend upon the

Normalized PL and PLE

0.0 T — T T —T—

T T T T T T N 1
300 400 500 600 700 800 900
Wavelength (nm)

Fig.2 Normalized PL (solid sample, A.juiion=2375 nm, r.t.): solid
dark yellow line, (1); dashed dark yellow line, (2); solid orange
line, (3); dashed orange line, (4). Normalized PLE (solid sample,
Aemission=000 nm, r.t.): solid violet line, (1); dashed violet line, (2);
solid dark blue line, (3); dashed dark blue line, (4)

choice of the ancillary ligands and the rigidity of the result-
ing complexes. The highest values were measured for (2)
(22%) and (3) (13%) (Table 3). In particular, the intensity
of emission appreciably grows by replacing the two triph-
enylphosphine ligands with DPEphos in the coordination
sphere. Such a trend was previously observed for similar
compounds [70-72] and it is probably attributable to the
rigidity and to the steric hindrance of the chelating phos-
phine that contributes to prevent distortions at the excited
state, thus improving the luminescent properties. As a fur-
ther comparison, the emission of (4) is lower than that of
(3), perhaps because of the more flexible isopropyl substitu-
ents. The heteroleptic complexes here described are, with
the exception of (4), appreciably more luminescent than
the homoleptic bis(indazol-1-yl)phenylmethane complex
[Cu(NAN),1* (b=1.3%) [39] .

DFT calculations on ground-state singlet (1) and (3%)
indicate that the lowest energy singlet—singlet light absorp-
tion is related to the charge transfer from frontier occupied
metal- and phosphine-centred orbitals and unoccupied ©*
orbitals of the benzotriazole fragments, therefore 'MLCT
nature can be attributed (see Fig. 3). Selected computed
bond lengths are given in Table 4.

The large Stokes shifts, about 200 nm, and the wide emis-
sion bands (FWHM between 4100 and 4200 cm™!) suggest
that the emissions of the complexes could involve excited
states with triplet multiplicity. The luminescence decay
curves show bi-exponential behaviour, with a fast com-
ponent (Tt <500 ns) and a slow component in the tenth of
microseconds range. Selected curves are provided in Fig. S4.
The slow component is appreciably longer for the complexes



Table 3 Absorption and emission data of the complexes

Bl UV-VIS, nm (e: M~ cm™) ®IpL, nm (FWHM: cm™") [l PLE, nm [ 4% el 7 (us)
@ <310, 255 (e =34,100), 262 (sh), 274 (sh) 565 (FWHM =4100) <460 7 <0.5, %30
) <400, 260 (g =33,400), 270 (sh) 555 (FWHM =4100) <460 22 <0.5, = 40
3) <375, 262 (g =33,200), 269 (sh) 582 (FWHM =4200) <500 13 <0.5, ~ 140
4) <375, 262 (£ =22,800), 257 (sh), 279 (sh) 599 (FWHM =4100) <500 2 <0.5, % 120

lal CH,Cl, solution, 298 K.™! Powder samples, T.t., Asyciraion =375 nm.[) Powder samples, T.t., Aypission =386 nm (1), 560 (2), 600 (3), 630 (4).[

Powder samples, r.t. [e] Powder samples, r.t., Ay iiaion =290 nm

Fig.3 DFT-optimized structures of singlet (1*) (a) and (3*) (b)
and superposition of occupied (yellow tones) and unoccupied (cyan
tones) orbitals involved in the lowest energy singlet—singlet absorp-
tions. a Occupied: HOMO, HOMO-1, HOMO-8; unoccupied:

with tris(benzotriazol-1-yl)methane in the coordination
sphere (see Table 3).

In order to investigate the transitions from a computa-
tional point of view, the triplet state geometries of the com-
plexes were optimized. Selected data are given in Table 4.

(b)

LUMO, LUMO+1, LUMO+18. b Occupied: HOMO-3, HOMO-
4, HOMO-6, HOMO-7; unoccupied: LUMO, LUMO+ 1. Surface
isovalue=0.03 a.u

The lowest energy singlet—triplet absorptions implicate
the molecular orbitals superimposed in Fig. 4. The tri-
plet state emissions are the specular processes and appear
based on transitions between benzotriazole-centred orbitals
and molecular orbitals localized on the metal centre, the



Table 4 Selected computed bond lengths and angles

Compound  Lengths (A) Angles (°)
(1%) Singlet  Cu-N 2.156, 2.210 N-Cu-N 87.1
Cu-P 2.283, 2.333 P-Cu-P 122.5
(1%) Triplet  Cu-N 1.921, 2.125 N-Cu-N91.8
Cu-P 2.337,2.341 P-Cu-P 105.0
(3%) Singlet  Cu-N 2.176,2.176,2.178  P-Cu-N 129.0, 129.3,
Cu-P2.218 129.4
N-Cu-N 84.1, 84.3, 84.3
(3%) Triplet  Cu-N 2.100,2.202,2.203 P-Cu-N 127.8, 127.9,

Cu-P 2.218 131.8

N-Cu-N 82.8, 84.9, 85.1

phosphine ligands and also the N-donor ligands (see Fig. 4).
The computed values, respectively, 563 and 678 nm for (1)
and (31), are roughly in agreement with the experimental
data. The nature of the emissions assigned on the basis of
DFT calculations is therefore *MLCT/’LC. The presence of
a fast component in the luminescence decay curves allows,
however, to suppose that also excited states with singlet mul-
tiplicity could be involved in the observed emissions.
Yellow-emitting compounds with wide emission bands
are of interest for the preparation of white light emitting
diodes (WLEDs). A common technological approach is the
coating of blue LEDs with yellow-emitting species, used for

Fig.4 DFT-optimized structures of triplet (1%) (a) and (3%) (b) and
superposition of occupied (cyan tones) and unoccupied (yellow tones)
orbitals involved in the lowest energy singlet—triplet absorptions. a
Occupied: HOMO, HOMO-1, HOMO-10, HOMO-14, HOMO-22;

unoccupied: LUMO. b Occupied: HOMO-5, HOMO-6, HOMO-8,
HOMO-10, HOMO-12, HOMO-16; unoccupied: LUMO, LUMO + 2.
Surface isovalue=0.03 a.u



instance in the case of indium gallium nitride (InGaN) LEDs
in combination with cerium-doped yttrium aluminium gar-
net (YAG:Ce?") [73]. The PL and PLE spectra of the yellow-
emitting bis(benzotriazol-1-yl)phenylmethane derivatives
suggested their possible application in this field, supported
by the thermal stability of the DPEphos complex (2). As
shown in Fig. 5, the decomposition starts at temperatures
above 250 °C. The other compounds are characterized by
lower thermal stability, as observable from the TGA curves
given in Fig. S5.

Compound (2) maintains its luminescence without
meaningful alterations once embedded in poly(methyl
methacrylate) (PMMA) matrix (see Fig. 5 for a comparison
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Fig.5 TGA curve of (2) (blue line: weight loss percentage; green
line: first derivative of TGA curve)

Fig.6 Emission spectra of (2)
(yellow filled) and of Cu(I)-
based WLED (whitish filled).
Inset: CIE 1931 chromaticity
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between powder and doped PMMA). The doped polymers
obtained from dichloromethane solutions were applied for
the coating of commercial UV LEDs with emission maxi-
mum at 385 nm. The emission spectrum of a typical coated
LED is reported in Fig. 6. White light is conventionally
located at coordinates x=y=0.333, while (2) and the
derived WLED are, respectively, positioned at x=0.444,
y=0.512 and x=0.354, y=0.381 in the CIE 1931 diagram
(see Fig. 6). The white emission thus obtained is char-
acterized by a colour temperature of 4800 K, calculated
accordingly to McCamy’s formula [74].

Conclusions

The results summarized in this work evidence that ligands
containing the benzotriazole heterocycle are suitable
for the preparation of new Cu(I) complexes. Heterolep-
tic coordination compounds containing bi- or tridentate
N-donors and phosphines in the coordination sphere are
appreciably luminescent in the yellow—orange range. As
highlighted by DFT calculations, the empty molecular
orbitals on the benzotriazol-1-yl fragments play a role
of paramount importance in the absorption and emission
features of the corresponding complexes. The emission
maximum mainly depends upon the nature of the atoms
composing the first coordination sphere of Cu(I). In sum-
mary, both the coordinating ability and the electronic fea-
tures of benzotriazole make this azole well suited for the

CIE 1931

o
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o 5
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o ,

White light

T T 1
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development of Cu(I) complexes of possible interest in the
fields of optics and lighting.

Supplementary data

Intermolecular interactions of tris(benzotriazol-1-yl-meth-
ane in the crystal structure (Figs. S1-S2, Table S1). Absorp-
tion spectra of diluted CH,Cl, solutions of the complexes,
Fig. S3. Selected luminescence decay curves, Figure S4.
TGA curves of the complexes (Fig. S5). Cartesian
coordi-nates of the DFT-optimized structures (Tables S2—
S3).
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