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ABSTRACT: The synthesis and the photophysics of three dinuclear copper(I) complexes containing
bis(bidentate)phosphine ligands are described. The steric constraint imposed by tetrakis(di(2-methoxyphenyl)-
phosphanyl)cyclobutane) (0-MeO-dppcb) in combination with 2,9-dimethyl-1,10-phenanthroline in one of the
complexes leads to interesting photophysical properties. The compound shows an intense emission at room
temperature in deoxygenated acetonitrile solution (® = 49%) and a long excited-state lifetime (13.8 us).
Interestingly, at low temperature, 77 K, the emission maximum shifts to lower energy, and the excited-state
lifetime increases. This observation leads to the conclusion that a mixing between the excited triplet and singlet
states is possible and that the degree of mixing and population of state strongly depends on temperature, as the
energy difference is quite small. The electroluminescent properties of this compound were therefore tested in
light-emitting electrochemical cells (LEECs), proving that the bright emission can also be obtained by

electrically driven population of the singlet state.

B INTRODUCTION

Among luminescent transition metal complexes, copper(I)
compounds have attracted considerable interest for a variety of
applications, from solar-energy conversion,' luminescence-
based sensors,” and probes for biological systems® to
optoelectronic applications*> such as organic light-emitting
devices (OLEDs)°™'® or light-emitting electrochemical cells
(LEECs)."”~%° Because of its abundance on earth crust, copper
is relatively cheap and therefore offers a very attractive
alternative to the most successfully employed heavy transition
metals such as ruthenium, platinum, osmium, or iridium.
However, emission intensity from copper(I) complexes is
generally weak in solution. The reason for such behavior must
be found in the geometry of these complexes.

Luminescent copper(I) complexes are characterized by a
distorted tetrahedral ground-state geometry, since the d'°
electronic shell is completely filled.*" Upon excitation, metal-
centered (MC) transitions cannot occur; therefore, the only
transitions involving the metal are either metal-to-ligand charge
transfer (MLCT) or, rarely, ligand-to-metal charge transfer
(LMCT). Consequently, the excited metal complex undergoes
a large structural change, leading to a more flattened geometry.
This geometric distortion allows coordination of solvent
molecules or coordinating ions to stabilize the square-based
pyramidal geometry of Cu(Il) and favors nonradiative
pathways, facilitating relaxation back to the ground state.”>~**

Using bulky ligands, that provide sterical hindrance, the
geometrical distortion in the excited state is less favorable to
occur, and the luminescent properties are enhanced >™%’
Successtul steric congestion and increasing rigidity around the
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copper(I) metal center has been achieved in mixed-ligand
systems where two coordination sites are occupied by chelating
phosphine, which suppresses ligand dissociation.”*** Among
heteroleptic [Cu(NN)(PP)] complexes, those with bis[2-
(diphenylphosphino)phenyl]ether (DPEphos) exhibit im-
proved photophysical properties and stability were tested in
OLEDs.”™

To reach high stability of the copper(I) complexes in their
excited state, increasing interest has been given not only to
diverse sterically hindered substituents, but also to the design
and synthesis of heteroleptic Cu(I) complexes with novel

14,2b
as well as

molecular architecture of polyphosphine
heterodonor PN ligands.***" The geometrical requirements
and the electronic properties of these chelating ligands resulted
in very high luminescence quantum yields of the relative
coordinated copper(I) complexes.”®'*3!

Recently, conformationally rigid bis(bidentate) phosphines
have been used in heterometallic dinuclear species, where the
steric pressure produces unusual characteristics of the excited
states. In fact long lifetimes of the excited states and intense
photoluminescence can be detected.>* In the perspectives of
developing materials with appealing photophysical properties
for optoelectronic applications, rigid bis(bidentate)phosphine
ligands have been employed to synthesize homodimetallic
copper(I) complexes.

In this work, we present the syntheses and the photophysical
and electrochemical properties of three new homodimetallic
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Scheme 1. Molecular Structures of the Three Investigated Homodimetallic Cu(I) Complexes
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copper(I) complexes. A positively charged complex, 1, was
synthesized using the tetrakis(diphenylphosphanyl)cyclobutane
(dppcb) and bis(5-methylpyridine) as ancillary ligand. The
other charged complex, 2, possesses tetrakis(di(2-
methoxyphenyl)phosphanyl)cyclobutane) (o-MeO-dppcb)
and has as ancillary ligands 2,9-dimethyl-1,10-phenanthroline.
In the attempt to have a luminescent neutral complex, 3, a 5-
(2/-pyridyl)-1H-1,2,3,4-tetrazole was coordinated to the Cu(I)
ion in place of the phenanthroline. All the investigated
compounds are schematically presented in Scheme 1. The
introduction of 2-methoxyphenyl substituents on the phospho-
rus donor atoms of the bis(chelating) ligand significantly
enhances the luminescence properties of the corresponding
copper(I) complexes, due to a favorable combination of
electronic and sterical effects, allowing one of the presented
complexes, 2, to have high emission quantum yield in solution.
Because of the interesting brightness of the emission,
compound 2 was tested as dopant in solution-processed
LEECs, and the main results are herein reported.

B EXPERIMENTAL SECTION

General Information and Materials. Solvents for spectroscopic
measurements were supplied by Merck (Uvasol). When necessary,
they were purified according to the standard procedure.*® Dichloro-
methane was distilled over CaH,. All air- and water-sensitive
experiments were carried out in standard glassware under an inert
nitrogen atmosphere using standard vacuum line techniques. The
ligands d;)pcb and 0-MeO-dppcb were prepared as described
earlier.*** CuCl, §,5'-dimethyl-2,2'-bipyridine (dmbpy), 2,9-dimeth-
yl-1,10-phenanthroline (Neocuproine), S-(2'-pyridyl)-1H-1,2,3,4-tet-
razole, and TIPF4 were obtained commercially.

Fourier-mode *'P{'H}, “C{'H}, and 'H NMR spectra were
obtained using a Bruker DPX-300 spectrometer (internal deuterium
lock) at 298 K. Positive chemical shifts are downfield from the
standards: 85% H;PO, for the 3'P{'H} resonances and tetramethylsi-
lane, Si(CH,),, for the C{'H} and 'H resonances. Fast atom
bombardment mass spectrometry (FAB-MS) measurements were
obtained on a Finnigan MAT-95 spectrometer, using 3-nitro-
benzylalcohol (NOBA) as matrix. Elemental analyses were performed
using a PerkinElmer Model 2400 C, H, N elemental analyzer.

Syntheses. [Cu,(dmbpy),(dppcb)](PFs), (1). Under argon, dppcb
(80.0 mg, 0.101 mmol) was dissolved in degassed acetonitrile (20

mL). Copper(I) chloride (20.0 mg, 0.202 mmol) was added in solid
form to this solution, and the reaction mixture was stirred for 1 h at
ambient temperature. Then thalliumhexafluorophosphate (70.5 mg,
0.202 mmol) was added in solid form to the colorless suspension, and
the mixture was stirred for 16 h at 70 °C. Afterward, the suspension
was filtered to remove precipitated TICl, and dmbpy (37.2 mg, 0.202
mmol) was added to the filtrate in solid form. After 1 h of stirring, the
product was completely precipitated via the addition of diethyl ether,
filtered off, and dried in vacuo, to give [Cu,(dmbpy),(dppcb)](PF),
as a yellow powder (Yield: 130.5 mg, 81.9%). C,HgsCu,F ,N P
(1578.32): calc. C 57.84, H 4.34, N 3.55; found C 57.73, H 4.40, N
3.49%. mp: 300 °C dec; positive ion FAB-MS: m/z (m/ze.4) =
1433.41 (1433.36) [M-PF¢]*. 3'P{'H} NMR (121.495 MHz, MeCN):
8 543 (s). "H NMR (300 MHz, MeCN-d;): 6 2.13 (s, 6H, CH,-
C,H,N,); 2.63 (s, 6H, CH;-C,H ,N,); 4.53 (s, 4H, CH-C,H,);
6.80—7.37 (m, 40H, CH-Ph + 2H, CH-C,,H,N,); 7.87 (s, SH, CH-
C,Hp,N,); 8.17 (s, SH, CH-C;,H,N,). The solubility of 1 in
common solvents like MeCN, CH,CL,, or N,N-dimethylformamide
(DME) is too low for *C{'H} NMR measurements.
[Cu,(Neocuproine) ,(0-MeO-dppcb)](PFg), (2). Copper(I) chloride
(11.5 mg, 0.116 mmol) and Neocuproine (24.2 mg, 0.116 mmol) were
dissolved in degassed acetonitrile (30 mL) under argon. This solution
was stirred for 15 min and then added dropwise to a solution of o-
MeO-dppcb (60 mg, 0.058 mmol) and thalliumhexafluorophosphate
(40.5 mg, 0.116 mmol) in 30 mL of degassed acetonitrile. The mixture
was further stirred for 2 h, and the insoluble thallium chloride was
separated by filtration. The solution was concentrated, and the yellow
product was precipitated with an excess of diethyl ether and filtered to
give [Cu,(Neocuproine),(0-MeO-dppcb)][PFy], as a yellow solid
(Yield: 85.9 mg, 79.3%). CggHgyCu,F1,N,OgPs (1866.52): calc. C
56.63, H 4.54, N 3.00; found C 56.71, H 4.59, N 2.93%. mp: 305 °C;
positive ion FAB-MS: m/z (m/zq) = 1719.35 (1719.54) [M-2H-
PF¢]*, 1574.61 (1574.58) [M-2H-2PF,]*. 3'P{'"H} NMR (121.495
MHz, ACN-d;): § —1.79 (s). '"H NMR (300 MHz, ACN-d,): § 1.85
(s, 12H, CH;-C,H;,N,); 2.56 (s, 12H, -OCH,); 2.95 (s, 12H,
-OCH,); 4.73 (t, 3J(H,H) = 11.5 Hz, 4H, CH-C,H,); 6.16 (t, *J(H,H)
= 7.4 Hz, 4H, CH-An); 6.25 (d, ¥J(H,H) = 8.1 Hz, 4H, CH-An); 6.43
(d, }J(H,H) = 6.9 Hz, 4H, CH-An); 6.78 (m, 8H, CH-An); 7.08 (t,
3J(H,H) = 7.8 Hz, 4H, CH-An); 7.42 (t, }J(H,H) = 7.8 Hz, 4H, CH-
C,Hp,N,); 7.80 (m, 8H, CH-An); 8.16 (s, 4H, CH-C,,H,N,); 8.64
(d, 3J(HH) = 8.3 Hz, 4H, CH-C,,H,,N,). *C{'H} NMR (75.476
MHz, ACN-d,): § 28.9 (s, CH;—C,H},N,); 35.6 (s, CH—C,H,); 36.3
(s, CH-C,H,); 53.5 (s, -OCHj,); 55.4 (s, -OCH;); 111.1 (s, CH-An);
113.1 (s, C-C,H;,N,), 1205 (s, CH-An); 1234, 132.1 (s, C-
C,H,N,); 133.8, 134.7 (s, CH-An); 136.3, 137.1 (s, C-C;,H},N,);
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137.8 (s, CH-An); 161.7 (s, C=N-C,H,N,); 162.7 (s, C=C-
OCHj,). Suitable crystals for X-ray crystal structure analysis were
obtained by crystallization from acetonitrile against diethyl ether.

[Cu,{5-(2'-pyridyl)-1H-1,2,3,4-tetrazolato-kN'},(o-MeO-dppcb)]
(3). Copper(I) chloride (5.7 mg, 0.058 mmol) was dissolved in
degassed acetonitrile (20 mL) under argon, and solid thalliumhexa-
fluorophosphate (20.3 mg, 0.058 mmol) was added with vigorous
stirring. After half an hour of reaction time at ambient temperature a
white precipitate was filtered. The filtrate was added to a solution of o-
MeO-dppcb (30.0 mg, 0.0290 mmol) in degassed acetonitrile (30
mL), and the resulting solution was stirred for 2 h at ambient
temperature. To produce deprotonated pyridine tetrazole (PyN,),
PyN, (8.5 mg, 0.058 mmol) was dissolved in degassed acetonitrile (10
mL) under argon, and LiOH (1.4 mg, 0.058 mmol) dissolved in
degassed water (24 L) was added with vigorous stirring. This solution
was stirred for further 40 min, and then the solvent was completely
removed. The obtained solid was dissolved in degassed MeOH (S mL)
and then added to the above solution of [Cu,(MeCN);(0-MeO-
dppcb)](PF¢),. The resulting yellow solution was stirred for 2 h and
then evaporated to dryness to give [Cu,{S-(2'-pyridyl)-1H-1,2,3,4-
tetrazolato-kN'},(0-MeO-dppcb)] as a light yellow powder (Yield:
24.4 mg, 58.0%). C,,HCu,N,,O4P, (1452.38): calc. C 59.54, H 4.72,
N 9.64; found C 59.46, H 4.77, N 9.59%. mp > 360 °C; positive ion
FAB-MS: m/z (m/z.yy) = 145215 (1452.38) [M]*, 1306.14
(1306.25) [M+H-(PyN,)]*. 3'P{'"H} NMR (121.495 MHz, MeCN):
& =327 (s). 'H NMR (300 MHz, CD,Cl,): § 2.92 (s, 12H, -OCHj,);
3.00 (s, 12H, -OCH,;); 4.42 (br s, 4H, CH-C,H,); 6.56 (m, 16H, CH-
An + 2H, CH-CH,N,); 7.25 (br s, 16H, CH-An); 8.08 (s, 4H, CH-
C¢H,N;); 8.50 (s, 2H, CH-C¢H,N;). The solubility of 3 in common
solvents like MeCN, CH,Cl,, or DMF is too low for *C{'H} NMR
measurements.

UV—vis Spectroscopy. Characterization methods, techniques,
spectroscopic instruments, and tools were thoroughly described in
previous papers.36

Electrochemistry. The electrochemical characterization, cyclic
voltammetry (CV), and differential pulse voltammetry (DPV) was
performed in acetonitrile (ACN)/0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) or DMF/0.1 M TBAPF,. The use
of different solvents was due to a different solubility of the investigated
complexes. The concentration of the samples was 1 mM for
compound 1 and 1.5 mM for compound 2. ACN (Acros Organics,
99.8%, extra dry over molecular sieves) and DMF (Sigma-Aldrich,
Chromasolv Plus, 99.9%) were used as received without any further
purification. TBAPF (electrochemical grade, 99%, Fluka) was used as
the supporting electrolyte, which was recrystallized from a 1:1
ethanol/water solution and dried at 60 °C under vacuum.

Details of the electrochemical experiments and a description of the
electrochemical workstation and methods have been previously
reported.’” The reference electrode was calibrated at the end of
each experiment against the ferrocene/ferricenium couple (Fc/Ect),
whose formal potential against the KCI saturated calomel electrode
(SCE) is 0.450 V in ACN and 0.464 V in DMF. In the following, all
potential values are reported against the SCE.

X-ray Crystallography. Selected bond lengths, bond angles, and
intramolecular contact distances are given in the Supporting
Information. Details of data collection, refinement, and corrections
were described in previous papers.*®

Device Fabrication. The solution-processed LEEC device was
made on a glass substrate, with a 120 nm transparent indium tin oxide
(ITO) layer as the bottom electrode. A detailed description of
procedures, materials, and tools was reported in previous papers.>*

B RESULTS AND DISCUSSION

Electronic Absorption. The UV—vis absorption spectra of
compounds 1, 2, and 3 were recorded at room temperature in
acetonitrile solutions, where N, was purged for several minutes
before dissolving the complexes. The molar absorption
coeflicients & were calculated, and the spectra are displayed in
Figure 1.

Molar Abs. Coefficient (M'cm™)

240 280 320 360 400 440 480 520
Wavelength (nm)

Figure 1. Electronic absorption spectra recorded in acetonitrile
solutions ([C] & 2 X 107> M) of compounds 1 (dot-dashed line), 2
(solid line), and 3 (dashed line). (inset) The low-energy bands are
magnified.

The absorption bands in the UV region (220—290 nm) are
dominated by spin-allowed intraligand transitions ('IL). In this
region the three dinuclear complexes have the more intense
m—m* transitions occurring on the ancillary ligands and the
weaker intraligand charge-transfer states, involving the
phosphorus atoms and their aromatic substituents. It is well-
known that aryl-phosphines, when not coordinated, have a
transition called n—a,, which involves the promotion of one
electron from the lone pair orbital (n) on P to an empty
antibonding orbital of 7 origin (a,) located on the aromatic
ring.3’9 Upon coordination of aromatic phosphines, the lone
pair on P is used for o-bonding to the metal. The transition n—
a, is then converted to a o—a, transition and can be labeled as
intraligand charge transfer, ILCT.* At longer wavelength,
350—450 nm, singlet metal-to-ligand charge transfer, MLCT,
states are populated. In particular the broad band centered at
410 nm (e = 6 X 10° M™' cm™) for compound 1 is typical for
'MLCT transitions from d orbitals on the copper(I) metal
center to empty 7* orbitals localized on the 5,5'-dimethyl-2,2'-
bipyridine (dmbpy).*' For compound 2 the metal-to-ligand
charge transfer occurs with the involvement of the 7™ orbitals
localized on the 2,9-dimethyl-1,10-phenanthroline at 420 nm (&
=59 % 10 M~ cm™"), in analogy to homoleptic phenanthro-
lines copper(I) compounds.*” The singlet MLCT transition for
compound 3 is much less intense in comparison with the
MLCT bands of the other compounds (¢ = 3.8 x 10° M™*
cm™"). Moreover since the lowest unoccupied molecular orbital
(LUMO) of the pyridine tetrazole is much higher in energy, it
occurs at higher energy (4 = 365 nm). All the data are collected
in Table 1.

Emission at Room Temperature. At room temperature,
only compounds 2 and 3 were found to be emissive. Their
photophysics was studied in two spectroscopic solvents of
different polarity, namely, acetonitrile (ACN) and dichloro-
methane (DCM). Each solution was degassed by three cycles of
freeze—pump—thaw. The excitation and the emission spectra of
these compounds in deaerated ACN and DCM are shown,
respectively, in Figures 2 and 3.

In each solvent, the excitation spectrum for the two
compounds perfectly matches their relative absorption spectra.
The two Cu(I) complexes show bright luminescence, with
emission maxima at 554 nm in ACN and at 555 nm in DCM
for compound 2, and at 579 nm in ACN and at 555 nm in
DCM for compound 3. The difference in behavior of the two
complexes evidences a more present CT nature of the
luminescent level for 3, while the lack of solvatochromism
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Table 1. Photophysical Data for Cu(I) Complexes at Room and Low Temperatures

absorption” emission in deareated solutions at 298 K emission, 77 K®
2 (nm) (e X 1073 M em™)° Amax (nm) @7 x 10 7 (us) k, (10* s7h) k, (10*s7) Amax (nm) 7 (us)
1© 254 (50.01) 645 0355
301(36.69)
318(26.93, sh)
410(6.01)
2 277(65.85) 554° 39, 49° 13.8° 2.8 44 560 634
293(46.89, sh) 555
420(5.89)
3 230(62.33) 579 0.40° 0.475% 0.83 208 570 3.64
285(32.89) 555 1.53
334(6.98)
365(3.8)

“Data in CH;CN at room temperature. YData at 77 K are recorded in EtOH/MeOH (4/1) (v/v) rigid matrix. “The term sh indicates shoulder.
4Quantum yield values in solution were calculated with the relative method, using, as standards, Ir(ppy); in degassed toluene for compound 2 and
Ru(bipy);Cl,-6H,0 in water for compound 3. “Calculated with the integrated sphere. /Data in CH,Cl, at room temperature.
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Figure 2. Normalized excitation (left) and emission (right) spectra
recorded in degassed acetonitrile at room temperature of compounds
2 (solid line) [A. = 400 nm; A,,, = 560 nm] and 3 (dashed line) [,
= 300 nm; A, = 580 nm].

Intensity (a.u.)

400
Wavelength (nm)

500 600 700

Figure 3. Normalized excitation (left) and emission (right) spectra
recorded in degassed dichloromethane at room temperature of
compounds 2 (solid line) [A,. = 400 nm; A, = 560 nm] and 3
(dashed line) [Aq = 300 nm; A, = S50 nm].

and long excited-state lifetime (see below) suggests a different
nature of the excited state for compound 2 or at least a strong
mixing of the CT state with an LC level. The assignment of the
MLCT nature is suggested by the Supporting Information that
the emissions are broad and do not show any structured bands,
as expected for copper(I) complexes,” confirmed also by
electrochemical data (see below). Emission quantum yields
were measured for both compounds in deaerated ACN
solutions. Compound 2 showed an unusually good quantum
yield, when calculated with the relative method using Ir(ppy);
(ppy = 2-phenylpyridine) in toluene as standard (® = 0.97)**
and with the absolute method of the integrating sphere.*® The
obtained values are surprisingly high for a copper(I) complex
since they are, respectively, of 0.39 and 0.49. The different

10947

values arise from the uncertainties present in both methods for
the evaluation of the quantum yields.** Quantum yield for
compound 3 was measured with the relative method using
Ru(bipy),;Cl,-6H,0 (bipy = 2,2-bipyridine) in aerated water as
standard (® = 0.040).*” The values in DCM and in ACN are
much lower than those found for complex 2, and they are,
respectively, 0.015 and 0.004. One possible reason for this low
quantum yield might be related to the more pronounced
distortion of the molecular geometry in the excited state when
the ancillary ligand is the S-(2'-pyridyl)-1H-1,2,3,4-tetrazole, as
there are no hindered substituents. This could lead to an easier
access of solvent molecules and in particular to coordinating
solvent such as ACN.

Excited-state lifetimes were measured in acetonitrile, and
their values are obtained from a monoexponential fit giving 13.8
us for 2 and 0475 ps for 3. From the photoluminescence
quantum vyield and the lifetime values the radiative and
nonradiative rate constants were estimated, and they are
summarized, together with all the other photophysical data, in
Table 1.

Emission at 77 K in EtOH/MeOH (4:1) Glass. The three
copper(I) dinuclear complexes studied in this work show
luminescence at 77 K in ethanol/methanol (4:1, v/v) glass. The
emission spectra are shown in Figure 4. The luminescence of
the three copper(I) dimers at 77 K exhibit a broad orange-red
structureless emission, with maxima at 645 nm for 1, at 560 nm
for 2, and at 570 nm for 3. A red shift upon cooling is evident

Emission Intensity (a.u.)

560 600 640 680

720 760

Wavelength (nm)

Figure 4. Low-temperature (77 K) emission spectra in EtOH/MeOH
(4:1) (v/v) rigid matrix of compounds 1 (dot-dashed line) [4, = 440
nm], 2 (solid line) [A,,. = 400 nm], and 3 (dashed line) [, = 320
nm].
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for compound 2 even if it is only of few nanometers,
corresponding to 193 cm™'. Interestingly, compound 3 also
shows a small red shift if compared with the room-temperature
emission in DCM, but the shift is negligible when compared
with the polar ACN solution.

Observing almost no shift or even a red shift upon freezing
the matrix is not usual. In fact, a blue shift is normally observed
for MLCT transitions with higher dipole moment in the excited
state, since the lack of reorganization of the solvent, and thus
the destabilization of the state, leads to higher energy emission.
Otherwise the situation is reversed when the excited state is less
polar than the ground state.

As expected, excited-state lifetimes were found distinctly
longer, since the decrease in temperature slows down the
nonradiative processes related to motion or vibration of the
ligands. Compound 1 exhibits luminescence only at low
temperature and has a lifetime of 0.335 us; compound 2 has
an incredibly long excited-state lifetime of 634 us, whereas
compound 3 has an excited-state lifetime of 3.64 us. Studying
the lifetimes of the excited state with deeper insight gives a hint
about the nature of the emissive states involved in the
transitions. Compound 2 has a distinctly longer lifetime at 77 K
that could be due to the shift of the equilibrium from a CT
state to a LC state since the destabilization of the CT state.
However, this hypothesis would not explain the red shift since
the LC level is not sensitive to the solvent. Therefore, the
observed behavior must be related to an equilibrium between
the singlet and triplet MLCT state having at room temperature
an emission from an equilibrated thermally populated singlet
state, while at low temperature the emissive state is a triplet. All
the photophysical data in solution at room temperature and at
77 K are summarized in Table 1.

Delayed Fluorescence Phenomenon for Compound 2.
From the analysis of the photophysical data for the three
copper(I) dinuclear species at room and low temperature, it is
evident how the photoluminescence of 2 has a not-expected
bathochromic shift at low temperature of 193 cm™ in energy,
with a large increase of the lifetime (see Table 1). As already
mentioned, this behavior suggests the existence of two emissive
excited states, where the one at higher energy can be populated
at room temperature. This phenomenon was already observed
and is known as delayed fluorescence,*** since the higher
energy state is a singlet in nature. The steady-state emission of a
variety of phenanthrolines-based copper(I) complexes was
indeed described as an equilibrium between two different
excited states in thermal communication.”*°™** A qualitative
representation of the energy levels involved is given in Scheme
2.

Vibrational relaxations are assumed to be rapid compared to
electronic relaxation, and they are not shown; the same is true
for the nonradiative pathways. Similarly to the reported
complexes,”® > compound 2 shows a room-temperature
emission at higher energy than at 77 K. Moreover the 13.8
us of the excited-state lifetime at room temperature is not as
short as it should be if it were due to a normal perturbed
fluorescence. When the system becomes more rigid by
decreasing the temperature, the decay lifetime becomes
distinctly longer, but this increase cannot be addressed only
to an inhibited nonradiative transition, and the emission
maximum is red-shifted. This decrease in the emission energy
must be related to a population of a different state. The
simplest explanation of this temperature dependence is that
these two states have similar energies, and the population of the
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Scheme 2. Diagram of the Relevant Energy States Showing
Schematically the Intersystem Crossings (ISC) between the
Singlet and the Triplet Excited States”
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“The back ISC is thermally activated due to the small energy
separation between these two states.

upper level, the singlet, is thermally activated. In copper(I)
complexes these two involved states are more likely 'MLCT
and *MLCT states, but the mixing with *LC states cannot be
excluded.

Thermally activated delayed fluorescence has been observed
for some copper(I) complexes with small energy gaps between
the S, and T, states. Compound 2 shows a completely
comparable behavior with related complexes.**® Since for those
phosphine-containing copper(I) complexes the occurrence of
delayed fluorescence has been exhaustively proved,*° the
similarity of these species strongly suggests that delayed
fluorescence also occurs in the case of 2. However, only a
qualitative interpretation of the temperature dependence of the
emission maximum can be done at this stage.

Electrochemistry of Compounds 1 and 2. The CV of
compound 1 (see Figure S1 in the Supporting Information)
shows two successive irreversible processes in the negative
range at —2.37 and —2.57 V versus SCE. The first reduction
process is irreversible when varying the scan rate from 0.02 to 5
V s~". Both the former and latter processes in the negative scan
are most probably associated with the reduction of the dmbpy
ligands. In the positive scan two irreversible oxidation processes
are observed (see Table 2). The first process at +0.85 V can be
due to the oxidation of the Cu(I) metal center, as previously
observed in other Cu(I) complexes, while the second one at
+1.33 V can be associated with the oxidation of the phosphine
moiety in the ligand. The highest occupied molecular orbital
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Table 2. Electrochemical Data for Compounds 1 and 2

cv DPV
E,, (Cul/Cull) (V)  E, (phosph) (V)  E.q (V) HOMO (V) LUMO (eV) E, (Cul/Cull) (V) E, (phosph) (V)  E.q (1) (V)
1° 0.85 133 237 -5.19 -1.97 0.70 1.07 229
-2.57 -2.51
24 1.18 1.38 -17 -5.52 —2.64 1.17 1.38 -17

“Data were recorded in DMF/0.1 M TBAPF; for 1, and in CH;CN/0.1 M TBAPF; for 2.

(HOMO) and LUMO energy levels are calculated referring to
the energy level of the Fc/Fc* couple.”*

The CV of 2 (see Figure S3 in the Supporting Information)
shows a quasi-reversible process in the negative scan occurring
at —1.70 V, which can be associated with the reduction of the
polyaromatic ligand. The peak-to-peak distance, AE,, is about
85 mV at a scan rate of 0.1—0.5 V s™". In the positive scan, two
redox processes are observed. The first one, at +1.18 V, is a
quasireversible oxidation (AEp ~ 75 mV) that can be associated
with the Cu(I) metal center. The second one, at approximately
+1.4V, is irreversible and can be associated with the oxidation
of the bis(bidentate)phosphine. It is worth noticing that the
intensity of the peak current, related to the oxidation of the
metal core, is about half of that observed for the reduction of
the ligand. Both quasireversible redox processes in the positive
and negative scan were studied by varying the scan rate in the
range of 0.1-5 V s7!, and the peak currents were found to
depend linearly on the square root of the scan rate as expected
for a diffusion-controlled redox process.>®

Since the coordination modes of dppcb and o-MeO-dppcb
are totally different, because of difference of their absolute
configurations (Scheme 1), the structural differences can affect
the redox potential.

Because of its neutral charge, compound 3 showed less
solubility in these common solvents for electrochemical
analysis, and therefore its electrochemistry could not be
measured. Differential pulse voltammetry was also performed
to gain a better resolution of the redox processes occurring in
the two homodinuclear copper(I) complexes. The voltam-
metric curves (CV and DPV) of the dinuclear copper(I)
complexes are shown in the Supporting Information. The
electrochemical data are reported in Table 2.

Crystal Structure of [Cu,(Neocuproine),(o-MeO-
dppcb)I[PF¢l, (2). To the best of our knowledge the crystal
structure of 2 is unique and shows the combination of two
Cu(I) centers by a fused 6—4—6-membered ring system. The
asymmetric unit of the crystal structure of 2 contains the metal
complex dication and two [PF¢]~ anions. Views of 2 are shown
in Figures 5 and 6, and selected bond lengths, bond angles, and
intramolecular contact distances are given in the captions of
those Figures and in the Supporting Information. A discussion
of the structure properties of 2, related to its photophysical
behavior, might help understanding the surprisingly high
luminescence quantum yield and lifetime. Two effects can be
taken into consideration.

First, as displayed in Figure 6 the methoxy groups of two 2-
methoxyphenyl rings hinder the solvent molecules to approach
the Cu(1) metal center. The corresponding Cu(1)--O(2) and
Cu(1)---O(4) contact distances are 3.307(3) and 3.308(3) A,
respectively. Comparable attractive interactions at the Cu(2)
center show Cu(2)---O(5) and Cu(2)---O(8) contact distances
of 3.545(3) and 3.322(3) A, respectively. The approach of
solvent molecules is further blocked by the methyl groups of
Neocuproine (see Figure 6). It is well-known that in the case of
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Figure 5. Perspective view of the cation of 2. Thermal ellipsoids are
shown at the 30% level. Hydrogen atoms are omitted, and only the
ipso carbon atoms of the 2-methoxyphenyl rings are shown for clarity.
Selected bond lengths (A) and angles (deg): Cu(1)-P(1) =
2.2578(11), Cu(1)—P(2) = 2.2682(11), Cu(1)-N(1) = 2.125(4),
Cu(1)—-N(2) = 2.083(3), Cu(2)—P(3) = 2.2715(11), Cu(2)—P(4) =
2.2561(12), Cu(2)—N(3) = 2.095(3), Cu(2)-N(4) = 2.082(3),
C(1)-C(3) = 1.576(5), C(1)-C(4) = 1.559(5), C(2)-C(3) =
1.596(5), C(2)—C(4) = 1.579(5); P(1)—Cu(1)—P(2) = 102.31(4),
N(1)—Cu(1)-N(2) = 80.92(15), P(3)—Cu(2)—P(4) = 103.21(4),
N(3)—Cu(2)-N(4) = 81.33(14).

Cu(I) a flattening distortion caused by excitation of the Cu(I)
center makes the nucleophilic attack of a solvent molecule
possible.”* However, from Figure 6 it is clear that neither a
flattening distortion nor a nucleophilic attack is possible due to
the very high “steric pressure” at the Cu(I) center. As a
consequence this channel of energy release is hindered in 2,
and hence the emission lifetime becomes 13.8 ps at ambient
temperature, which is very long compared with similar
compounds. The same is true for the surprisingly high emission
quantum yield of 0.49.

Furthermore, the excited-state lifetime of 2 also increases
very much at 77 K reaching 634 ps. This behavior suggests the
existence of two emissive excited states and that the higher
energy one can only be populated at room temperature. This
phenomenon is known as delayed fluorescence®®* (see
Scheme 2).

Electroluminescence Devices. Considering the promising
PL quantum yield, compound 2 was selected to act as emitting
material for LEECs. LEECs were fabricated with a very simple
structure on ITO glass substrate, where a layer of compound 2
was sandwiched between the hole injection layer of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (40 nm) and
the Al cathode (100 nm). Figure 7 shows the electro-
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Figure 6. Perspective view of one Cu(I) coordination center of
compound 2. Thermal ellipsoids are shown at the 30% level. Because
of unfavorable overlaps the second half of 2 is omitted for clarity. The
close approaches of the oxygen atoms O(2) and O(4) of two methoxy
groups of the two 2-methoxyphenyl rings of the 0-MeO-dppcb ligand
to the Cu(1) center can be clearly seen: Cu(1)--O(2) = 3.307(3),
Cu(1))--0(4) = 3.308(3) A. The second half of 2 shows comparable
approaches: Cu(2)--O(S) = 3.545(3), Cu(2)--O(8) = 3.322(3) A.
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Figure 7. Electroluminescent spectra of 2, recorded at applied voltage
4 and SV, are compared to photoluminescence spectrum of neat film.

luminescence spectra of a device driven at two different
voltages: 4 and 5 V. The emission maximum is, respectively, at
553 nm and at 554 nm, as for the photoluminescence of the
neat film, also reported for comparison in Figure 7.

Although the structure of the device was not optimized, the
maximum luminance gave very promising results. The LEEC
driven at S V shows a maximum luminance of 108 cd/m*
Indeed this value shows an extraordinary brightness, unusual
for copper(I)-based light-emitting electrochemical cells.'”'¥*

The delayed fluorescence mechanism of compound 2 allows
harvesting both singlet and triplet excitons in the device,**
leading to the first copper(I)-based LEEC with singlet
harvesting effect. In Table 3, the electroluminescence properties
of the LEEC device, made with compound 2 as emitting
dopant, are summarized.

B CONCLUSION

Three novel homodinuclear copper(I) complexes have been
synthesized, and their photophysical and electrochemical
properties have been studied. One of the complexes, compound
2, showed an interesting photophysical behavior, which has
been attributed to a temperature-dependent singlet—triplet
equilibrium. An electroluminescent device, an LEEC, has been
constructed to prove that this singlet emission can also be
exploited in such simple electrically driven devices.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data of 2 in CIF format, selected bond
lengths and bond angles. Cyclic and differential pulse
voltammograms. This material is available free of charge via
the Internet at http://pubs.acs.org.
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