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ABSTRACT: The well known system of dinuclear Cu(I)
complexes bridged by 2 (diphenylphosphino)pyridine (PyrPhos)
derivatives Cu2X2L3 and Cu2X2LP2 (L = bridging ligand, P =
ancillary ligand) goes along with endless variation options for
tunability. In this work, the influence of substituents and
modifications on the phosphine moiety of the NP bridging ligand
was investigated. In previous studies, the location of the lowest
unoccupied molecular orbital (LUMO) of the copper complexes of
the PyrPhos family was found to be located on the NP bridging
ligand and enabled color tuning in the whole visible spectrum. A
multitude of dinuclear Cu(I) complexes based on the triple
methylated 2 (bis(4 methylphenyl)phosphino) 4 methylpyridine
(Cu 1b H, Cu 1b MeO, and Cu 1b F) up to complexes bearing
2 (bis(4 fluorophenyl)phosphino)pyridine (Cu 6a H) with electron withdrawing fluorine atoms over many other variations on the
NP bridging ligands were synthesized. Almost all copper complexes were confirmed via single crystal X ray diffraction analysis.
Besides theoretical TDDFT studies of the electronic properties and photophysical measurements, the majority of the phosphino
modified Cu(I) complexes was tested in solution processed organic light emitting diodes (OLEDs) with different heterostructure
variations. The best results of the OLED devices were obtained with copper emitter Cu 1b H in a stack architecture of ITO/
PEDOT PSS (50 nm)/poly TPD (15 nm)/20 wt % Cu(I) emitter:CBP:TcTA(7:3) (45 nm)/TPBi (30 nm)/LiF(1 nm)/Al
(>100 nm) with a high brightness of 5900 Cd/m2 and a good current efficiency of 3.79 Cd/A.

■ INTRODUCTION

The structural diversity of luminescent Cu(I) complexes is
enormous. Many examples have been already presented in the
literature, ranging from polynuclear copper clusters,1−3 over
tetranuclear4−11 and some trinuclear12−17 structures to a
variety of dinuclear8,18−28 and mononuclear29−37 complexes.
Multinuclear copper complexes are of special interest because
of their luminescence enhancing cooperative effects in case the
copper centers are in close proximity. This can be realized by
choosing the right chelating ligands, giving also rigidity to the
system, which is also important for a bright emission. For this
purpose, the famous bidentate 2 (diphenylphosphino)pyridine
(PyrPhos) and its derivatives proved to be suitable
candidates,18−20,26,38,39 among other chelating ligands.24,35,40

With NP bridging ligands, mostly dinuclear Cu(I) complexes
of the type Cu2X2L3

8,18,26 and Cu2X2LP2
19,20 as well as a few of

the composition C2X2L2
41,42 (X = I, Br, Cl and L = various

PyrPhos derivatives, P = monodentate phosphines) were
described in the literature. Systems that involve iodide based
Cu(I) complexes possess high efficiency thermally activated
delayed fluorescence (TADF43,44) and high stability, which

makes these complexes promising emitter material candidates
for organic light emitting diodes (OLEDs).19,20,39,45,46

Through TADF, 25% of excitons populating the singlet state
(S1) according to spin statistics can be harvested, and 75% of
triplet excitons (T1 state) become accessible for light emission
with an emission pathway over the singlet state.40,47−50 Next to
the heavy atom effect allowing phosphorescence and the
excitation of lanthanide(III) in coordination compounds,51−55

this is a very promising approach to use the remaining 75% of
excitons of triplet nature. Enabling internal quantum
efficiencies (IQEs) of up to 100% and short excited state
lifetimes (μs−ms) makes TADF emission favored over the
traditional fluorescence56 and phosphorescence,57−61 respec
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tively. It would be beneficial to transfer this efficiency of TADF
emitters to OLED applications to lower the energy
consumption of the devices and facilitate even higher
resolutions.62 Currently, the best OLED characteristics have
been obtained by vapor deposited emitting layers based on
TADF luminophores.39,46,63−65 However, for large size OLED
panels, including screens for entertainment and lighting
technology, the vapor deposition technique becomes imprac
tical; thus, scalable and cost effective solution based deposition
methods are entering the production focus.64 For these
reasons, novel solution processable TADF emitters are worth
studying.
The main aim of this work was to study the effect of the

groups around the phosphorus atom of the PyrPhos bridging
ligand in the class of Cu2I2LP2 and Cu2I2L3 dinuclear Cu(I)
complexes on their photophysical properties and to investigate
the performance of these complexes in solution processed
OLED devices with different heterostructures. The basic
structure and the different variations of the dinuclear Cu(I)
complexes investigated in this study are shown in Figure 1.

The substituents on the phenyl rings attached to the
phosphorus atom of the bridging ligand range from electron
donating groups as methyl and methoxy, via 2 furyl groups, to
fluorine atoms as electron withdrawing substituents. As
ancillary ligands, triphenylphosphine19,20 for possible cross
comparisons and tris(4 methoxyphenyl)phosphine,20 tris(2
furyl)phosphine,20 and tris(4 fluorophenyl)phosphine66 were
selected for solubility mediation.

■ RESULTS AND DISCUSSION
Synthesis of the NP-Ligands and Cu(I) Complexes. A

variety of substituted 2 (diphenylphosphino)pyridine ligands
with different phosphine moieties was synthesized to serve as
NP bridging ligands for dinuclear copper complexes of the
type Cu2I2L3 and Cu2I2LP2 (L = NP bridging ligand; P =
ancillary ligand). The phenyl rings of the bridging ligand were
modified with additional methyl groups (ligands with the
numbers 1, 3, and 4, compare Figure 1), methoxy groups
(ligands with the number 2), and fluorine atoms (ligand 6a).
In two cases, the phenyl rings were exchanged by 2 furyl
(ligands with the number 5). The additional acronyms a and b
specify the substituent in para position of the pyridine moiety
of the NP ligands (R′ = H (a), Me (b); compare Figure 1).

The bridging ligands were obtained by nucleophilic aromatic
substitution reactions of the chlorinated pyridine precursors
with the corresponding, in situ generated, lithiumphosphide
species according to the literature protocol with chlorodiphe
nylphosphine18 (reaction A, Scheme 1) or Pd catalyzed in the
presence of NaOAc (reaction B, Scheme 1) according to a
procedure by Chen and co workers.7

These phosphino modified NP bridging ligands were used in
a 1:2:2 ratio with copper iodide and the ancillary phosphine
derivative to synthesize the dinuclear complexes in dichloro
methane (DCM) at ambient temperature (Scheme 2).19,20

The Cu(I) complexes with the phosphino modified NP
bridging ligands were obtained as pale yellow powders in good
to very good yields, up to 99%. Not all Cu(I) complexes with
the synthesized NP bridging ligands in this work were
accessible. The mesityl groups in ligand 4a and ligand 4b are
too sterically demanding to form the intended Cu2I2LP2
complexes with these ligands. For this reason, the bridging
ligands 4a and 4b did not coordinate to the copper iodide in
the reaction. Instead, none of the luminescent tetranuclear
complexes with the used ancillary phosphine ligands (P),
Cu4I4P4, were formed. Crystals of the Cu4I4P4 complexes
confirmed the different reaction pathway in these cases. The
Cu4I4P4 complexes are already described in the literature.67

With all the other bidentate phosphinopyridine derivatives, a
multitude of different novel Cu(I) complexes were obtained
and characterized.

Molecular Structures. Almost all molecular structures of
the dinuclear Cu(I) complexes could be confirmed by single
crystal X ray diffraction analyses. This enabled a detailed
structural study of the copper complexes with the phosphino

Figure 1. Classification of the dinuclear Cu(I) complexes in this work.

Scheme 1. Two Synthesis Routes for the NP Ligands,
Modified on the Phosphine Moiety

Scheme 2. Copper Complex Synthesis from Copper Iodide
and the Corresponding Phosphines According to the
Stoichiometric Ratio in the Target Complexa

aFor R′′ compare Figure 1.
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modified NP bridging ligands and set the basis for supporting
computational computations for a better understanding of the
structures and properties. Hydrogen atoms as well as solvent
molecules (if existing) were omitted in all the figures of the
Cu(I) complexes for clarity. The bridging ligands were
obtained as oils in most cases because of the enhanced
bulkiness resulting of the additional substituents on the
phosphine moiety. However, two of the NP bridging ligands
2b and 6a formed microcrystalline parts, and molecular
structures of the single crystals could be measured and
analyzed (see SI, Figures S57−S60).
Excluding the ligands 4a and 4b bearing mesityl groups on

the phosphorus atom, this novel class of complexes tolerates all
kind of different substituents from methyl groups (Figure 2,

Figure 3, SI Figures S61−S65 and Figures S67−S69) and
methoxy groups (Figure 4 and SI Figure S66) to 2 furyl groups
on the phosphorus atom itself of the NP bridging ligand
(Cu 5a H, Cu 5b H, and Cu 5a F, compare Figure 5 and SI
Figure S71 and Figure S72) and fluorine atoms on the PPh2
group (Figure 6 and SI Figure S73).
Also with the additional substituents, the well known Cu2I2

butterfly shaped metal halide core structure was
formed.20,66,68−70 Table 1 gives selected molecular structural
parameters of the bond lengths and angles of most of the
dinuclear Cu(I) complexes. Besides the important Cu···Cu
distance in the dinuclear complexes, also the bond length
between Cu1 and P1 was of great interest, in order to verify
whether the substituents have an impact. The shortest Cu···Cu
distances were found for Cu 1a Furyl with 2.68 Å and for
Cu 1a F with 2.71 Å. The average value for the Cu···Cu
distance was 2.75 Å and in the same range as the Cu···Cu
distances for the literature known PyrPhos copper com
pounds.20,66 The Cu1−P1 bond length did not change as a
result of substituents on the phosphine moiety, 2.24 Å to 2.26
Å were found. Not even the fluorine atoms in complex Cu 6a
H (Figure 6) had an influence on the Cu1−P1 bond length.
Interestingly, the combination of the NP bridging ligand 3b

and tris(4 fluorophenyl)phosphine F as ancillary ligand in a
Cu(I) complex led to the formation of a tetranuclear species
(Cu 3b F 4) in most of the crystallization experiments which
was not described in the literature before. This tetranuclear
Cu(I) complex, Cu4I4LP3, consists of one bidentate bridging
ligand and three para fluorinated triphenylphosphine ligands
(compare Figure 7 and SI Figure S70). The four copper iodide

units can be subdivided in two connected Cu2I2 butterfly
shaped cores, one held by the bridging ligand 3b and one
phosphine F and the other Cu2I2 copper iodide part
coordinated by one tris(4 fluorophenyl)phosphine on each
copper atom.
The Cu−I−Cu wings formed by the outer only

F coordinated copper halides are more opened with a wider
I−Cu−I angle (109.38° for I4−Cu3−I3 and 109.17° for I4−
Cu4−I3) compared with the other Cu2I2 NP connected
butterfly motif (only 106.02° for I1−Cu1−I2 and 105.95°
for I1−Cu2−I2). The Cu···Cu distance with 2.67 Å for Cu1−
Cu2 is in the common range compared to the di and
symmetric tetranuclear PyrPhos complexes, while the Cu3−
Cu4 distance with 2.86 Å is a bit longer. The Cu2I2 unit built
between Cu3 and Cu4 is only connected via one copper atom
to the other Cu2I2 unit. The Cu2−Cu3 and Cu2−Cu4
distances are rather large with 3.01 and 2.86 Å, respectively. In
case tetranuclear copper complexes are formed during
crystallization, the growth of these crystals is probably favored
over dinuclear species due to lower solubility of the
tetranuclear complex. However, this was the only example
where such a tetranuclear species was crystallized and the
structure of the dinuclear Cu(I) complex Cu 3b F could be
proved by single crystal X ray diffraction analysis (Figure S69
and compare also Table S1 for supplementary crystallographic
data).

Quantum Chemical Calculations. For a better under
standing of the electronic nature of the dinuclear Cu(I)
complexes held by bidentate phosphino modified NP ligands,
quantum computations were done. In Figure 8, the frontier
orbital HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) plots as well as
the spin density are shown for the benchmark complex
Cu 1b H with the triple of methyl groups on the bridging
ligand.
As for all the other complexes, the HOMO (−4.47 eV) was

located on the copper iodide core and partially on the
phosphorus atoms of the ancillary ligands while the LUMO
(−1.41 eV) spread over the NP bridging ligand. The
ΔE(HOMO−LUMO) gap of complex Cu 1b H had an average
value for this class of complexes (3.06 eV, Table 2).
The nature of the transitions in Cu 1b H were based on

HOMO and LUMO only, corresponding to exclusively metal
and halide to ligand charge transfer (MXLCT). The calculated
energy of the singlet state S1 with 2.40 eV and the calculated
energy of the triplet state T1 with 2.71 eV (calculated for 5 T
states) resulted in a very small ΔEST gap of 0.02 eV without
any other triplet states between this gap, allowing emission via
the thermally activated delayed fluorescence pathway. The
average value of the distance between the first singlet and first
triplet state was 0.03 eV considering all complexes in this
study.
An overview of all HOMO and LUMO levels as well as the

ΔE(HOMO−LUMO) gap and the ΔEST gap values for the multitude
of copper complexes based on the novel NP bridging ligands of
this study is given in Table 2. Even though complexes Cu 4a H
and Cu 4b H were synthetically not accessible, the calculated
values are in a similar range as for the other copper complexes.
All things considered, the substituents on the phosphine

moiety of the connecting NP ligand in the Cu(I) complexes
had no big influence on the electronic properties of the
complexes. The effect of the para methyl group on the pyridine
ring slightly lowering the LUMO energy level (around −1.3 eV

Figure 2. Molecular structure of Cu 3a H. Hydrogen atoms and
solvent molecules were omitted for clarity.
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for series b), was more dominant than the influence of the
phosphorus connected substituents (around −1.4 eV for series
a).
Absorption Spectra. The UV−vis absorption of the

substituted phosphinopyridine bridged Cu(I) complexes was
studied in dichloromethane at ambient temperature (Figure 9
for Cu(I) complex series a and Figure 10 for Cu(I) complex
series b).

The UV−vis spectra were plotted as the resulting molar
extinction coefficients. All absorption maxima were found at
250 nm due to the broadness of the spectra. Comparing all
UV−vis spectra the extinction coefficient was in the same
range around 4 × 104 M−1 cm−1 for most of the complexes and
only slightly higher for the homoleptic complexes Cu 1a and
Cu 1b as well as for the methoxy group bearing complexes
Cu 2a H and Cu 2b H. The highest extinction coefficients
were found for the two complexes Cu 1a MeO and

Figure 3. Molecular structures of the complexes Cu 1a H (top, left), Cu 1b H (top, right), Cu 1a MeO (middle, left), Cu 1b MeO (middle,
right), Cu 1a F (bottom, left), and Cu 1b F (bottom, right), all bridged by the methylated phosphine ligands. Hydrogen atoms and solvent
molecules were omitted for clarity.
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Cu 1b MeO bearing tris(4 methoxyphenyl)phosphine and for
complex Cu 1a Furyl with tris(2 furyl)phosphine as ancillary
ligand. In accordance with previous findings, tris(4
fluorophenyl)phosphine F had almost no impact on the
extinction coefficients.66

The trends of the UV−vis spectra were in accordance to the
prior described spectra of the well known PyrPhos family

(Cu(I) complexes based on 2 (dipenylphosphino)pyridine
(PyrPhos) and derivatives).18,20,26,66

Except for the para methoxy groups, the substituents on the
phosphine moiety of the NP bridging ligand had almost no
influence on the absorption of the corresponding dinuclear
Cu(I) complexes.
For a better overview the Cu(I) complexes of series 1a and

series 1b are also plotted separately in the SI (Figure S112 and
Figure S113). Absorption spectra of the copper complexes in
neat films can be also found in the SI (Figure S114 and Figure
S115) and showed similar trends as in dichloromethane. The
copper complexes bearing MeO as ancillary ligands exhibit an
absorption among the highest absorptions of the whole class of
copper complexes. In contrast to the spectra in dichloro
methane, the absorption maxima of the copper complexes were
found in the range of 250−270 nm. The complexes
Cu 1a Furyl and Cu 1b MeO showed a second broad
absorption band around 300 and 310 nm, respectively.
These bands can be assigned to MXLCT.

Photophysical Properties. Hereafter, the photophysics of
this new class of Cu(I) complexes based on phosphine
modified NP bridging ligands is reported of the powder
samples as well as in doped films (20 wt % of the Cu(I)
complexes in poly(methylmethacrylate) (PMMA) and

Figure 4. Molecular structures of the complexes Cu 2a H (left) and Cu 2b H (right) including para di(methoxyphenyl)phosphinopyridine and its
methylated derivate. Hydrogen atoms and solvent molecules were omitted for clarity.

Figure 5. Molecular structures of complexes Cu 5a H (left) and Cu 5a F (right) bearing 2 furyl groups on the phosphine of the bridging ligand.
Hydrogen atoms and solvent molecules were omitted for clarity.

Figure 6. Molecular structure of Cu 6a H. Hydrogen atoms and
solvent molecules were omitted for clarity.
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CBP:TcTa (7:3) (with CBP = 4,4′ bis(N carbazolyl) 1,1′
biphenyl and TcTa = 4,4 ′ ,4″ tr is(carbazol 9 yl)
triphenylamine); the conditions for the film preparation are
given in the SI, chapter 7). Table 3 shows the photophysical
data obtained of the powders at ambient temperature with an
excitation wavelength of 350 nm.
Complex Cu 1b H showed one of the highest photo

luminescence quantum yields (PLQYs) in powder with 83%.
The additional methyl groups on the phosphine moiety of the
bridging ligand as well as the additional methoxy groups (Cu
2a H 87% and Cu 2b H 76%) influenced positively the PLQY
compared to the other complexes of this study. In comparison,
the PLQYs of the homoleptic complexes Cu 1a and Cu 1b

were rather low and therefore only studied with the ligands 1a
and 1b as a reference to the heteroleptic complexes.
The emission wavelengths of the investigated complexes

were found in a range between 520 nm for complexes Cu 1b F
and Cu 5b H and up to 561 nm for complex Cu 6a H with
two additional fluorine atoms on the phosphine moiety of the
NP ligand (Table 3 and SI Figures S121 and S122). It is
probable that the blue shifting effect of the para methyl group
on the pyridine ring of the bridging ligands of the series b is
dominant over the influence of the phosphorus bound groups
(compare DFT section). The emission wavelengths for the
class of copper complexes presented in this study in general are
slightly red shifted (5 to 10 nm) compared to the literature
known copper complexes with NP bridging ligands unsub
stituted on the phosphine moiety Cu a H (514 nm19) and
Cu b H (515 nm19 and 510 nm38).

Table 1. Selected Parameters of the Crystallographic Data of the Dinuclear Copper Complexes with a Functionalized
Phosphine Moiety of the NP Bridging Ligandsa

Cu-1a-H Cu-1b-H Cu-1a-MeO Cu-1b-MeO Cu-1a-F Cu-1b-F

Lengths
Cu Cu 2.7617(7) 2.7660(5) 2.7318(7) 2.7128(12) 2.7067(8) 2.7189(8)
Cu1 I 2.7160(6) 2.6834(4) 2.7021(6) 2.6570(9) 2.6597(9) 2.6697(6)

2.6700(6) 2.7223(4) 2.6495(6) 2.6730(10) 2.6819(9) 2.6558(6)
Cu1 P1 2.2449(11) 2.2521(9) 2.2588(10) 2.2565(16) 2.2365(9) 2.2486(11)
Cu2 N1 2.127(3) 2.114(3) 2.103(3) 2.089(5) 2.096(2) 2.078(3)
Cu2 P3 2.2518(11) 2.2518(9) 2.2491(10) 2.2387(16) 2.2522(9) 2.2459(11)
Cu1 P2 2.2580(11) 2.2596(9) 2.2544(10) 2.2524(16) 2.2437(9) 2.2498(11)

Angles
Cu I Cu 61.727(16) 61.605(11) 61.453(17) 61.26(3) 61.153(16) 60.177(18)

61.845(17) 61.970(12) 60.981(17) 60.72(3) 60.013(19) 61.422(18)
P Cu P 123.07(4) 124.16(3) 123.87(4) 124.28(7) 118.93(3) 119.01(4)

Cu-1a-Furyl Cu-2a-H Cu-2b-H Cu-5a-H Cu-5b-H Cu-6a-H

Lengths
Cu Cu 2.6835(5) 2.7276(16) 2.7859(5) 2.7830(8) 2.7682(6) 2.7218(7)
Cu1 I 2.6513(4) 2.6786(12) 2.7129(4) 2.6645(7) 2.6608(5) 2.6698(5)

2.6871(4) 2.7000(12) 2.6731(4) 2.6606(7) 2.6807(5) 2.7147(6)
Cu1 P1 2.2538(6) 2.241(2) 2.2523(6) 2.2400(11) 2.2381(9) 2.2499(9)
Cu2 N1 2.0720(19) 2.135(7) 2.1002(19) 2.076(4) 2.088(3) 2.116(3)
Cu2 P3 2.2293(6) 2.254(2) 2.2554(7) 2.2493(12) 2.2446(8) 2.2568(9)
Cu1 P2 2.2404(7) 2.245(2) 2.2583(7) 2.2526(11) 2.2503 (9) 2.2514(9)

Angles
Cu I Cu 59.851(11) 60.91(4) 62.428(11) 63.069(19) 62.530(14) 60.719(15)

60.396(11) 60.81(4) 62.058(11) 61.944(19) 62.099(14) 61.000(15)
P Cu P 124.16(3) 124.78(9) 122.53(3) 120.27(4) 124.51(3) 123.26(3)

aLengths are given in Å and angles are given in degrees.

Figure 7. Tetranuclear structure Cu4I4LP3, bearing ligand 3b and
tris(4 fluorophenyl)phosphine F (Cu 3b F 4).

Figure 8. Overview of the HOMO and LUMO (left) and spin density
(bottom, right) of Cu(I) complex Cu 1b H.
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Comparing the excited state lifetimes of the Cu(I)
complexes in solid phase, values between 4.4 μs and 8.1 μs

were measured (Table 3 and SI Figures S133−S141). The
complexes Cu 5a H (4.4 μs) and Cu 5b H (5.5 μs) with two
2 furyl groups on the phosphorus atom of the NP ligand
showed the shortest lifetimes. The lifetimes of all complexes
are only slightly higher compared with the well known
complexes Cu a H (2.8 μs19) and Cu b H (3.8 μs19 and
1.9 μs38) and therefore in the same microsecond range as
described previously.66 The small values in the microsecond
range for the lifetime are an indication for TADF as the
emission pathway.40 Additionally, the lifetimes of the excited
states were determined at 77 K of the powder samples (Table
3 and SI Figures S142 and S143). The values for the lifetime
were on average 6−7 times higher at low temperatures
compared with ambient temperature (6.5 to 44.2 μs at 77 K for
complex Cu 1b H). This is an indication for an emission as
phosphorescence and a suppression of the temperature
dependent reverse intersystem crossing (RISC) at 77 K.
The photophysics were also determined of doped PMMA

(Table 4) and CBP:TcTa (7:3) films (Table 5) to exclude
concentration and packing effects that may occur in the
powder samples. For these studies, the focus was placed on the

Table 2. HOMO and LUMO, ΔE(HOMO‑LUMO) gap and ΔEST
Gap Valuesa

complexes HOMO [eV] LUMO [eV] ΔE [eV] ΔEST [eV]

Cu-1a 4.49 1.49 2.99 0.03
Cu-1a-H 4.51 1.49 3.02 0.03
Cu-1b-H 4.47 1.41 3.06 0.02
Cu-1a-MeO 4.29 1.35 2.94 0.03
Cu-1b-MeO 4.30 1.25 3.05 0.03
Cu-1a-Furyl 4.57 1.43 3.14 0.03
Cu-1a-F 4.79 1.66 3.13 0.03
Cu-2a-H 4.49 1.42 3.07 0.03
Cu-2b-H 4.46 1.35 3.10 0.03
Cu-3a-H 4.51 1.46 3.05 0.03
Cu-3b-H 4.48 1.39 3.09 0.03
Cu-3b-F 4.76 1.57 3.19 0.03
Cu-4a-H 4.52 1.47 3.05 0.03
Cu-4b-H 4.49 1.37 3.13 0.03
Cu-5a-H 4.55 1.44 3.10 0.03
Cu-5a-F 4.87 1.68 3.18 0.03
Cu-5b-H 4.51 1.33 3.18 0.03
Cu-6a-H 4.65 1.65 2.99 0.02

aAll values are given in eV.

Figure 9. Absorption spectra of Cu(I) complex series a in
dichloromethane (8 × 10−6 M) at 25 °C.

Figure 10. Absorption spectra of Cu(I) complex series b in
dichloromethane (8 × 10−6 M) at 25 °C.

Table 3. Overview of the Photophysics of the Cu(I)
Complexes as Powder Samples, Measured with an
Excitation Wavelength of 350 nm at Ambient Temperature
and at 77 K Given in Brackets

copper complex ΦPL [%] λPL [nm] τ [μs] CIE X CIE Y

Cu-1a 42 555 8.1 (56.0) 0.42 0.54
Cu-1b 42 551 8.0 ( ) 0.42 0.53
Cu-1a-H 74 549 6.3 (40.0) 0.41 0.55
Cu-1b-H 83 531 6.5 (44.2) 0.34 0.55
Cu-1a-MeO 45 567 6.5 (50.7) 0.34 0.55
Cu-1b-MeO 61 556 8.7 (56.4) 0.42 0.53
Cu-1a-Furyl 67 524 6.8 (34.9) 0.32 0.52
Cu-1a-F 89 529 7.3 (56.5) 0.34 0.55
Cu-1b-F 85 520 6.9 (59.1) 0.30 0.53
Cu-2a-H 87 530 6.1 (72.8) 0.34 0.54
Cu-2b-H 76 538 7.3 (36.8) 0.37 0.54
Cu-3b-H 59 543 7.7 (58.7) 0.39 0.54
Cu-3b-F 70 540 9.6 (51.6) 0.38 0.54
Cu-5a-H 68 552 4.4 (24.2) 0.42 0.54
Cu-5b-H 68 520 5.5 (26.0) 0.31 0.52
Cu-5a-F 62 538 7.6 (45.9) 0.37 0.54
Cu-6a-H 61 561 7.3 (26.7) 0.43 0.54

Table 4. Overview of the Photophysics of the Cu(I)
Complexes (20 wt %) in PMMA, Measured with an
Excitation Wavelength of 350 nm at Ambient Temperature

copper complex ΦPL [%]
λPL
[nm]

λPL
a

[nm] τ [μs] CIE X CIE Y

Cu-1a 38 556 486 10.1 0.43 0.55
Cu-1b 42 541 516 11.8 0.37 0.52
Cu-1a-H 48 554 474 9.5 0.42 0.54
Cu-1b-H 55 540 490 10.4 0.37 0.53
Cu-2a-H 47 556 396 8.8 0.74 0.27
Cu-2b-H 53 541 490 10.4 0.37 0.54
Cu-3b-H 49 541 474 11.1 0.38 0.54
Cu-5a-H 40 555 476 10.0 0.42 0.53
Cu-5b-H 41 545 470 9.6 0.39 0.54
Cu-6a-H 42 555 466 9.0 0.42 0.55

aMaxima of the photoluminescence spectra measured at 77 K.
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Cu(I) complexes bearing triphenylphosphine H as ancillary
ligands and the homoleptic complexes with the NP ligands 1a
and 1b, respectively.
In both host materials, the PLQYs were found to have lower

values compared with the measurements of the powders due to
matrix effects. The PLQY values ranged from 33% to 57%
(Cu 5a H and Cu 3b H in CBP:TcTa (7:3) respectively).
Complex Cu 1b H still showed one of the highest PLQYs in
PMMA (55%) and in CBP:TcTa (7:3) (54%). Comparably
high PLQYs were found for the complexes with methoxy
groups on the NP bridging ligands and are in agreement with
the trend observed for the powder samples. The photophysical
properties of the two homoleptic Cu(I) complexes Cu 1a and
Cu 1b that possessed the lowest PLQYs of the powder
measurements were almost not affected by the host materials
(42% PLQY in powder for both complexes, 38% and 42% in
PMMA as well as 39% and 40% in CBP:TcTa (7:3),
respectively).
Using PMMA as host material, the excited state lifetimes of

the Cu(I) complexes were only minimally longer (2−4 μs and
6 μs for complex Cu 5a H) compared with the values of the
powders (Table 4 and SI Figures S144−S148). The CBP:TcTa
(7:3) matrix increased the excited state lifetimes drastically by
2 and up to 5 times in comparison to the powders and PMMA
films (Table 5 and SI Figures S149−S153).
The doped films showed a more defined trend for the

emission wavelengths in contrast to the values of the powder
measurements (Tables 3−5 and SI Figures S124−S132). The
different substituents around the phosphorus atom of the
bridging ligand had no influence on the photoluminescence. In
particular, 555 nm and values close to this one were
determined for the maxima of the photoluminescence spectra
for all investigated complexes without an additional substituent
on the pyridine (series a), while the additional methyl group in
para position of the pyridine moiety (series b) induced a
significant hypsochromic shift of up to 15 nm in the PMMA
films at ambient temperature with an excitation wavelength of
350 nm. The homoleptic complexes Cu 1a and Cu 1b showed
a very slight red shift compared with their related triphenyl
phosphine heteroleptic complexes Cu 1a H and Cu 1b H in
PMMA films.
Similar observations were made for the films with

CBP:TcTa (7:3). In general, the emission wavelengths of
these films were only slightly bathochromic shifted compared
to the PMMA films.
Low temperature photoluminescence measurements (77 K)

of the doped PMMA films were performed to further

investigate the mechanism of the emission pathway (Table 4,
SI Figures S127−S129). Usually, a bathochromic shift at low
temperatures is observed for Cu(I) complexes in the solid state
possessing TADF because of an energetically hindered RISC
and a resulting emission from the lowest triplet state as
phosphorescence.26,40,66 The emission maxima of the Cu(I)
complexes in PMMA in this study showed a hypsochromic
shift at 77 K compared with the emission spectra recorded at
ambient temperature. This unexpected blue shift corresponds
with the lack of stabilization of the Cu(I) complexes in the
PMMA matrix at low temperatures upon excitation. This
phenomenon is widely known for the photoluminescence of
Cu(I) complexes studied in solution at various temper
atures.31,71−74 At 77 K, the Cu(I) complexes are encapsulated
in a rigid matrix leading to structures of higher energy and
therefore a blue shift of the emission. For a few dinuclear
Cu(I) complexes of the composition Cu2I2L3, a blue shift at
77 K was observed of the powder samples in a study by Zink
and co workers.69 Rigidochromic effects, including a destabi
lization of the emissive state at 77 K due to greater rigidity and
an overcompensation of the potential red shift, expected for
the TADF process, were discussed. Therefore, the most
plausible reason for the hypsochromic shift at 77 K in PMMA
films of this present work are rigidochromic effects and that
these effects prevail over electronic effects induced by TADF.
Kobayashi and co workers described a similar blue shift of the
emission as phosphorescence at low temperatures for the pure
organic TADF emitter 4CzIPN in doped films and explained it
with a four level model involving the states S1, T1, Tn, and S0.

75

In this model, the additional triplet excited state Tn is located
energetically between the two lowest excited states T1 and S1.
An additional involved Tn state as well as an inversion of the
singlet−triplet gap76,77 cannot be excluded a priori. Thus, the
lowest excited states will be studied with other methods than
TDDFT in upcoming projects.

OLED Devices. Finally, a multitude of OLED devices with
the Cu(I) complexes bearing the phosphino modified NP
bridging ligands were prepared and tested.
In order to select the material of the OLED auxiliary layers

purposefully, the energy of the HOMO and LUMO levels of
the complexes were determined first. For this, the photo
emission yield spectroscopy (PYS) method in combination
with absorption spectroscopy (compare SI, chapter 6) was
applied. First, the HOMO energy of the materials was
determined by using the PYS method. Then the HOMO−
LUMO energy gap (Eg) was calculated with the help of the
absorption band and then the LUMO energy value was
obtained using the inverse formula.

= −LUMO HOMO Eg

For the testing in OLED devices, almost all obtained copper
complexes were inserted into the device within the same
heterostructure ITO (120−160 nm)/PEDOT:PSS (50 nm)/
poly TPD (15 nm)/20 wt % emitter:host (20 nm)/TPBi
(30 nm)/LiF (1 nm)/Al (>100 nm) (with ITO = indium tin
oxide, PEDOT:PSS = poly(3,4 ethylenedioxythiophene): poly
(styrenesulfonate), poly TPD = poly(4 butyltriphenylamine
and TPBi = 2,2′,2″ (1,3,5 benzinetriyl) tris(1 phenyl 1 H
benzimidazol), Figure 11).
As host material, either CBP, CBP:TcTa or DMFL CBP

(2,7 bis(carbazol 9 yl) 9,9 dimethylfluorene) were used (SI
Table S4 and Figures 12, 13). The starting point for the
host material optimization was CBP. CBP is a well known

Table 5. Overview of the Photophysics of the Cu(I)
Complexes (20 wt %) in CBP:TcTa (7:3), Measured with an
Excitation Wavelength of 350 nm at Ambient Temperature

copper complex ΦPL [%] λPL [nm] τ [μs] CIE X CIE Y

Cu-1a 39 560 31.3 0.43 0.53
Cu-1b 40 549 17.6 0.41 0.53
Cu-1a-H 53 558 13.2 0.43 0.53
Cu-1b-H 54 548 33.5 0.40 0.54
Cu-2a-H 52 556 33.5 0.43 0.53
Cu-2b-H 53 549 31.3 0.40 0.54
Cu-3b-H 57 547 32.0 0.40 0.54
Cu-5a-H 33 560 5.7 0.44 0.52
Cu-5b-H 45 540 12.1 0.38 0.52
Cu-6a-H 47 561 28.3 0.43 0.52



bipolar host material,78−80 and it was demonstrated before that
high quality films of CBP could be deposited from
solution.81,82 Zhang and co workers showed that CBP doped

with TcTa in a 7:3 ratio led to a significant increase of the
device efficiency.78

Poly TPD was chosen as hole transport layer because of its
insolubility in most solvents after post treatment (annealing at
220 °C for 30 min in an argon glovebox).83 As electron
transport layer (ETL) and hole transport layer (HTL) the
well known and often used TPBi and PEDOT:PSS materials
were selected.51,55,84,85 Assuming similar properties of the
selected copper emitters, the best host material was chosen by
the comparison of the performance of a series of OLED
devices based on Cu(I) complex emitter Cu 1b H in various
host materials.
Since OLED3 (CBP:TcTa (7:3)) demonstrated the highest

efficiency among OLED1 (CBP) and OLED30 (DMFL CBP),
CBP:TcTa (7:3) was selected as host material. The HOMO−
LUMO levels of CBP:TcTa matched best with those of the
copper emitter Cu 1b H so that the holes and electrons
recombine almost exclusively in the emitter molecules. In
conclusion all copper emitter materials were tested in the
heterostructure ITO (120−160 nm)/PEDOT:PSS (50 nm)/
poly TPD (15 nm)/20 wt % emitter:CBP:TcTa (7:3)
(20 nm)/TPBi (30 nm)/LiF(1 nm)/Al (>100 nm), in
which the emitter material was Cu 1a to Cu 6a H (compare
SI). To enable a proper comparison of the performance of the
obtained OLED devices, the electroluminescence (EL) spectra
were measured at the same conditions, only the integration
time was varied when measuring the EL intensity. Thus, the
intensity is given in sec−1, which corresponds to the counts
divided by the integration time.
The best performance was demonstrated by OLED3 and

OLED19 based on EMLs with Cu 1b H and Cu 6a H
(Figure 14 and Figure 15).

The brightness of the devices based on these two copper
emitters reached 2300 Cd/m2 and 2900 Cd/m2 and the
current efficiency up to 3.5 Cde/A and 2.4 Cd/A, respectively.
For the devices based on the other Cu(I) complexes,
brightnesses in the range of 350−2200 Cd/m2 was found.
The current efficiencies of these OLED devices were in the
range of 0.64−5.27 Cd/A.
In order to achieve a maximum brightness, the OLED

devices based on the best performing materials (EML with
Cu 1b H and Cu 6a H) were further optimized. First, the

Figure 11. OLED stack architecture used for most of the devices. The
actual layer thickness was not taken into account in this overview of
the layers.

Figure 12. Overview of the energy levels of the obtained OLED
device with Cu 1b H (20 wt %) and CBP as host material in the EML
(OLED1).

Figure 13. Overview of the energy levels of the obtained OLED
device with Cu 1b H (20 wt %) and CBP:TcTa (7:3) as host material
in the EML (OLED3).

Figure 14. EL spectra of Cu 1b H and Cu 6a H (OLED3 and
OLED19).
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effect of the HTL thickness, which affects the charge carrier
balance, was investigated. It turned out that a poly TPD
thickness of 15 nm (OLED3 with 2330 Cd/m2) demonstrated
a higher brightness compared with a layer of 30 nm (OLED5
with 2080 Cd/m2). According to these results, all further
OLED devices were built with a fixed value of 15 nm for the
HTL.
Second, different thicknesses of TPBi as the ETL were

investigated. Also, the influence of other ETL materials instead
of TPBi was taken into account. As further ETL materials,
OXD 7 (1,3 bis[2 (4 tert butylphenyl) 1,3,4 oxadiazo 5 yl]
benzol), Alq3 (tris(8 hydroxyquinoline)aluminum), and TAZ
(3 (biphenyl 4 yl) 5 (4 tert butylphenyl) 4 phenyl 4H 1,2,4
triazole), which are all well known in the literature, were
tested.86 Unfortunately, the devices OLED17 (reduction of the
TPBi layer from 30 to 15 nm) and OLED26 OLED28 (30 nm
OXD 7, Alq3 and TAZ respectively) showed a significant
decrease of the luminescence brightness (see SI). The same
trend was found for the OLED devices based on the EML with
Cu 6a H.
Third, the emission layer thickness was varied in order to

decrease the turn on voltage and the charge carrier balance.
The thickness of the EML was tuned by changing the spin
coater frequency rate. A frequency of 1060 rpm gave a 45 nm
layer (OLED29), 1500 rpm resulted in 30 nm (OLED21), and
with up to 2120 rpm, a thinner EML of 15 nm (OLED22) was
realized. The device with the thickest emission layer
(OLED29) showed the lowest turn on voltage (4 V) and the
highest brightness of up to 5900 Cd/m2. In comparison to the
photoluminescence of the Cu(I) complexes in doped films
(20 wt % in CBP:TcTa (7:3)) at ambient temperature, the
electroluminescence was slightly shifted, while the curve
progression was very similar (SI Figures S186−S190). The
observed shift is very small and can be explained by the
generalized Stark effect87−89 or partial reabsorption by the
neighboring organic layers within the OLED heterostructure,
absent when the photoluminescence was investigated.90,91 The
electroluminescence originates from the Cu(I) complexes and
not from the matrix, while for the photoluminescence, a slight
contribution from the matrix is visible. In general, the emission
of the doped films and the corresponding OLEDs are
comparable.

Since the efficiency of OLEDs is extremely sensitive to the
cleanroom class, a further increase of the efficiency and
brightness of the devices would have required other OLED
manufacturing equipment up to professional level, which was
unfortunately not accessible to us. This resulted in lower
efficiencies of the obtained OLED devices relative to the
previously published results for the Cu(I) complexes of the
same nature.39 At the same time, the obtained brightness and
efficiency are on the same level or above the values obtained
for similar compounds in literature, which shows the
advantages of the novel Cu(I) complexes in combination
with the used stack architecture in the OLED device.19,46 The
details of all fabricated OLEDs can be found in SI Tables S3
and S4, and I−V curves as well as the calculated current
efficiencies are given in SI Figures S154−S185.
All in all, the best OLED performance of this series of Cu(I)

complexes with phosphino modified NP bridging ligands was
demonstrated by OLED29 with the copper emitter Cu 1b H
bearing the triple methylated NP bridging ligand with a high
brightness of 5900 Cd/m2 and a good current efficiency of
3.79 Cd/A.

■ CONCLUSIONS
A new class of dinuclear iodide bridged Cu(I) complexes of the
PyrPhos family with para substituted diphenylphosphinopyr
idine bridging ligands with the modification focus on the
phosphine moiety of the NP ligand was investigated in this
work. The influence of this part of the bridging ligand was not
studied intensively before. The resulting phosphino modified
NP ligand bridged copper complexes in this study were
completely characterized and tested in solution processed
organic light emitting diodes afterward. Almost all copper
complexes as well as some of the ligands were fully pictured by
single crystal X ray diffraction analyses. The substituents on
the phosphorus atom of the bridging ligands, ranging from 4
methylphenyl to 4 fluorophenyl over 2 furyl, were all tolerated
in the synthesis of copper complexes of the type Cu2I2LP2. The
different phosphine moieties had nearly no impact on the
electronic properties of the complexes as found by quantum
computational studies. As stated for other dinuclear Cu(I)2X2
complexes, the HOMO was located mostly on the copper
halide core, while the LUMO spread out over the NP bridging
ligand. The best photophysical results in solid state were found
for the complexes bearing the methylated bridging ligands
(Cu 1a F 89%, Cu 1b F 85%, and Cu 1b H 83% PLQY) and
the ones with methoxy groups (Cu 2a H 87% PLQY) with
emission wavelengths in the range between 520 and 561 nm
for all complexes. The short excited state lifetimes with an
average value of 6.9 and 4.4 μs for complex Cu 5a H with 2
(bis(2 furyl)phosphino)pyridine indicate an emission pathway
as thermally activated delayed fluorescence also for these
Cu(I) complexes. The Cu(I) based emitters were investigated
in several different heterostructures for OLED devices. The
stack architecture of ITO/PEDOT−PSS (50 nm)/poly TPD
(15 nm)/20 wt % Cu(I) emitter:CBP:TcTA (7:3) (45 nm)/
TPBi (30 nm)/LiF(1 nm)/Al (>100 nm) was found to give
the best properties. The optimized OLED device consisting of
an EML with Cu 1b H bearing the triple methylated NP
bridging ligand showed a high brightness of 5900 Cd/m2 and a
good current efficiency of 3.79 Cd/A (OLED29). All in all, the
structural diversity of the Cu(I) complexes themselves as well
as the different heterostructures of the OLED devices gave a
multitude of design varieties.

Figure 15. I−V curve and current efficiency for the OLED device with
emitter Cu 6a H (OLED19).
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■ EXPERIMENTAL SECTION
All chemicals used in this work for the synthesis of the ligands as well
as for the copper complex synthesis, including solvents, precursors,
and further reactants, were purchased commercially from the
common vendors (Merck, Fisher, abcr, and ChemPur) and were used
without further purification. Copper(I) iodide was purchased on a
trace metals basis (99.999%). All solvents in p.a. quality were used
directly for extractions, column chromategraphy, and the work up
procedure of the copper complexes. Dry solvents were obtained with
the SPS drying system of MBraun, model MB SPS 800. For this
drying system, solvents in HPLC grade, mostly without a stabilizer,
were used. All solvents tapped of the system were degassed with argon
for 20 min prior to use. All reactions in this study were performed
under the general Schlenk conditions. For the complete character
ization, all products were confirmed via NMR measurements. For this
purpose, 8 in. NMR tubes with the sample and 0.5 mL of DMSO d6
for each tube were melted under air exclusion. The used DMSO d6
(≥99.80% D) was purchased from Eurisotop in 10 mL vials with a
septum and were degassed with argon prior to use.
Synthesis of the para-Substituted Bridging Ligands. The

general synthesis procedures as well as the complete analytical
characterization of the para substituted diphenylphosphinopyridine
bridging ligands can be found in the SI.
All Cu(I) complexes in this study were prepared according to the

following general procedure.
Synthesis of the Cu(I) ComplexesGeneral Procedure. An

established synthesis procedure for Cu(I) complexes was applied.19,20

For the copper complex production in this study, the corresponding
phosphino modified NP bridging ligand (0.20 mmol up to 2.4 mmol,
1.00 equiv), the ancillary phosphine (0.40 mmol up to 4.8 mmol,
2.00 equiv), and copper iodide (0.40 mmol up to 4.8 mmol, 2.00
equiv) were suspended in 10−15 mL of dry and freshly with argon
degassed dichloromethane (SPS). The reaction mixture was degassed
for another 20 min with Ar. All reactions were stirred at 25 °C for 15
h. In case the reaction mixture was still a solution after the reaction
time was over, the volume of the solution was at least reduced to half
of the original volume and was added dropwise to an excess of n
pentane (100 mL up to 300 mL depending on the concentration and
amount of the dichloromethane reaction mixture). Precipitates in
different shades of yellow were obtained, filtered off, and washed with
n pentane (2 × 25 mL or more repetitions) and with diethyl ether (2
× 10 mL, sometimes in parallel with n pentane, depending on the
solubility of the resulting complex in diethyl ether). If the reaction
resulted in a suspension, the volume of the solution part was reduced
in some cases and then added to n pentane as described above.
Solvent residues in the obtained powders were removed under
reduced pressure, yielding the target Cu(I) complexes in good to very
high yields.
In the following HL represents protons of the bridging ligands and

HP represents protons of the ancillary ligands of the complexes in
each NMR part of the characterization. The same classification was
used for the mass analysis (L = bridging ligand, P = ancillary ligand).
[(2-(Bis(4-methylphenyl)phosphino)pyridine)3Cu2I2] (Cu-1a).

Complex Cu 1a was synthesized according to the general procedure
and was obtained as a pale yellow powder (82% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.96 (bs, 3H, HL(Pyr)),
7.90 (t, 3JHH = 7.3 Hz, 3H, HL(Pyr)), 7.56 (bs, 3H, HL(Pyr)), 7.46 (d,
3JHH = 4.8 Hz, 3H, HL(Pyr)), 7.16 (bs, 12 H, HL(Tolyl)), 7.09 (d, 3JHH =
7.4 Hz, 12H, HL(Tolyl)), 2.28 (s, 18H, HL(Me)). − 13C NMR (101
MHz, DMSO d6) δ [ppm] = 151.0 (d, JCP = 13.4 Hz), 139.8 (s),
137.5 (bs), 133.3 (d, JCP = 13.4 Hz), 131.6 (d, JCP = 9.7 Hz), 131.0
(d, JCP = 12.4 Hz), 129.2 (d, JCP = 7.8 Hz), 128.4 (d, JCP = 30.0 Hz),
125.1 (bs), 20.9 (s, 6C, CL(Me)). − 31P NMR (162 MHz, DMSO d6)
δ [ppm] = −6.62 (bs, 3P, PL). − MS (FAB, 3 NBA) m/z [%] = 1505
(1) [Cu4I3L3]

+, 1315 (2) [M+Cu]+, 1214 (8) [Cu4I3L2]
+, 1126 (2)

[M−I]+, 1024 (23) [Cu3I2L2]
+, 834 (26) [Cu2IL2]

+, 733 (24)
[Cu3I2L]

+, 645 (42) [CuL2]
+, 543 (55) [Cu2IL]

+, 354 (100) [CuL]+,
292 (12) [L+H]+, 200 (11) [L−Tolyl]+. − IR (ATR) ν [cm−1] =
2916 (vw), 1571 (w), 1497 (w), 1449 (w), 1419 (w), 1187 (w), 1092

(w), 1020 (vw), 803 (w), 763 (w), 742 (w), 709 (w), 614 (w), 509
(m), 406 (w). − Elemental anal. calcd for C57H54Cu2I2N3P3
(1253.0): C 54.56, H 4.34, N 3.35; found: C 53.57, H 4.29, N 3.22.

[ ( 2 - ( B i s ( 4 - m e t h y l p h e n y l ) p h o s p h i n o ) p y r i d i n e ) -
(triphenylphosphine)2Cu2I2] (Cu-1a-H). Complex Cu 1a H was
synthesized according to the general procedure and crystallized
from a mixture of DCM and n pentane. The product was obtained as
a pale yellow powder (97% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.64 (bs, 1H, HL(Pyr)),
7.90 (t, 3JHH = 7.5 Hz, 1H, HL(Pyr)), 7.55 (bs, 1H, HL(Pyr)), 7.46−7.33
(m, 31H, HP, HL(Pyr)), 7.20 (bs, 4H, HL(Tolyl)), 7.08 (d,

3JHH = 7.8 Hz,
4H, HL(Tolyl)), 2.29 (s, 6H, HL(Me)). − 13C NMR (101 MHz, DMSO
d6) δ [ppm] = 139.7 (s), 133.7 (d, JCP = 13.9 Hz), 133.4 (d, JCP =
14.3 Hz), 133.0 (d, JCP = 28.3 Hz), 129.9 (s), 129.2 (d, JCP = 7.7 Hz),
128.5 (d, JCP = 8.3 Hz), 20.9 (s, 2C, CL(Me)). − 31P NMR (162 MHz,
DMSO d6) δ [ppm] = −5.91 (bs, 1P, PL), − 9.08 (bs, 2P, PP). − MS
(FAB, 3 NBA) m/z [%] = 1257 (2) [M+Cu]+, 1214 (5) [Cu4I3L2]

+,
1068 (6) [M−I]+, 1024 (40) [Cu3I2L2]

+, 995 (5) [Cu3I2LP]
+, 834

(18) [Cu2IL2]
+, 805 (38) [Cu2ILP]

+, 776 (14) [Cu2IP2]
+, 733 (40)

[Cu3I2L]
+, 645 (36) [CuL2]

+, 616 (86) [CuLP]+, 587 (87) [CuP2]
+,

543 (100) [Cu2IL]
+. − IR (ATR) ν [cm−1] = 1479 (w), 1433 (w),

1188 (vw), 1157 (vw), 1093 (w), 1029 (vw), 999 (vw), 805 (w), 745
(m), 693 (m), 617 (w), 513 (m), 500 (m), 430 (w). − Elemental
anal. calcd for C55H48Cu2I2NP3 (1194.9): C 55.20, H 4.04, N 1.17;
found: C 54.48, H 3.97, N 1.14. The molecular structure of the
complex was determined by single crystal X ray diffraction (CCDC
1996791).

[ ( 2 - (B i s (4 -methy lpheny l )phosph ino )py r id in ) ( t r i s (4 -
methoxyphenyl)phosphine)2Cu2I2] (Cu-1a-MeO). Complex
Cu 1a MeO was synthesized according to the general procedure
and crystallized from DCM and n pentane. The product was obtained
as a pale yellow powder (91% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.65 (bs, 1H, HL(Pyr)),
7.88 (t, 3JHH = 7.5 Hz, 1H, HL(Pyr)), 7.57 (d, 3JHH = 7.4 Hz, 1H,
HL(Pyr)), 7.43 (bs, 1H, HL(Pyr)), 7.37−7.33 (m, 12H, HP), 7.24 (bs,
4H, HL(Tolyl)), 7.09 (d, 3JHH = 7.8 Hz, 4H, HL(Tolyl)), 6.89 (d, 3JHH =
8.4 Hz, 12H, HP), 3.76 (s, 18H, HP(MeO)), 2.29 (s, 6H, HL(Me)). −
13C NMR (101 MHz, DMSO d6) δ [ppm] = 160.3 (s), 139.6 (s),
135.1 (d, JCP = 14.9 Hz), 133.5 (d, JCP = 12.9 Hz), 129.1 (d, JCP = 7.7
Hz), 124.6 (d, JCP = 32.8 Hz), 114.1 (d, JCP = 8.9 Hz), 55.1 (s, 6C,
CP(MeO)), 20.9 (s, 2C, CL(Me)). − 31P NMR (162 MHz, DMSO d6) δ
[ppm] = −6.28 (bs, 1P, PL), − 13.10 (bs, 2P, PP). − MS (FAB, 3
NBA) m/z [%] = 1437 (6) [M+Cu]+, 1376 (1) [M + H]+, 1248 (5)
[M−I]+, 1146 (2) [Cu3I2P2]

+, 1085 (5) [Cu3I2LP]
+, 1024 (11)

[Cu3I2L2]
+, 997 (17) [Cu2IP2]

+, 896 (13) [Cu2ILP]
+, 767 (65)

[CuP2]
+, 706 (100) [CuLP]+, 543 (51) [Cu2IL]

+, 415 (19) [CuP]+,
354 (83) [CuL]+, 353 (35) [P+H]+, 292 (15) [L+H]+. − IR (ATR) ν
[cm−1] = 2834 (vw), 1592 (m), 1568 (w), 1498 (m), 1456 (w), 1402
(vw), 1286 (w), 1247 (m), 1177 (m), 1097 (m), 1026 (m), 825 (m),
797 (m), 764 (w), 717 (vw), 615 (w), 520 (m), 450 (w), 417 (w). −
Elemental anal. calcd for C61H60Cu2I2NO6P3 (1375.0): C 53.21, H
4.39, N 1.02; found: C 52.40, H 4.29, N 0.94. The molecular structure
of the complex was determined by single crystal X ray diffraction
(CCDC 1996796).

[(2-(Bis(4-methylphenyl)phosphino)pyridine)(tri(2-furyl)-
phosphine)2Cu2I2] (Cu-1a-Furyl). Complex Cu 1a Furyl was synthe
sized according to the general procedure and crystallized from DCM
and n pentane. The product was obtained as a pale yellow powder
(86% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.82 (bs, 1H, HL(Pyr)),
7.96 (s, 6H, HP), 7.93 (bs, 1H, HL(Pyr)), 7.63 (d, 3JHH = 6.9 Hz, 1H,
HL(Pyr)), 7.55 (d, 3JHH = 6.5 Hz, 1H, HL(Pyr)), 7.33 (bs, 4H, HL(Tolyl)),
7.15 (d, 3JHH = 7.5 Hz, 4H, HL(Tolyl)), 7.08 (bs, 6H, HP), 6.55 (dt,
3JHH = 3.6 Hz, 3JHH = 1.9 Hz, 6H, HP), 2.30 (s, 6H, HL(Me)). −
13C NMR (101 MHz, DMSO d6) δ [ppm] = 151.4 (d, JCP = 13.3 Hz),
148.8 (d, JCP = 3.4 Hz), 144.8 (d, JCP = 38.7 Hz), 139.9 (s), 138.0
(bs), 133.5 (d, JCP = 13.8 Hz), 132.0 (bs), 129.3 (d, JCP = 8.3 Hz),
128.7 (d, JCP = 27.7 Hz), 125.2 (bs), 123.2 (d, JCP = 26.0 Hz), 111.1
(d, JCP = 8.1 Hz), 20.9 (s, 2C, CL(Me)). − 31P NMR (162 MHz,
DMSO d6) δ [ppm] = −4.98 (bs, 1P, PL), − 71.98 (bs, 2P, PP). −MS



(FAB, 3 NBA) m/z [%] = 775 (11) [Cu2ILP]
+, 733 (19) [Cu3I2L]

+,
586 (9) [CuLP]+, 543 (52) [Cu2IL]

+, 526 (13) [CuP2]
+, 354 (63)

[CuL]+. − IR (ATR) ν [cm−1] = 1497 (vw), 1454 (w), 1366 (vw),
1211 (w), 1157 (w), 1121 (w), 1094 (w), 1006 (m), 904 (w), 882
(w), 805 (w), 746 (m), 630 (w), 593 (w), 494 (m), 417 (w). −
Elemental anal. calcd for C43H36Cu2I2NO6P3 (1134.8): C 45.44, H
3.19, N 1.23; found: C 45.38, H 3.31, N 1.25. The molecular structure
of the complex was determined by single crystal X ray diffraction
(CCDC 1996800).
[(2-(Bis(4-methylphenyl)phosphino)pyridin)(tris(4-fluorophenyl)-

phosphine)2Cu2I2] (Cu-1a-F). Complex Cu 1a F was synthesized
according to the general procedure and crystallized from a DCM
solution layered over with n pentane. The product was obtained as a
pale yellow powder (88% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.68 (bs, 1H, HL(Pyr)),
7.89 (t, 3JHH = 1.8 Hz, 1H, HL(Pyr)), 7.45−7.44 (m, 15H, HP, HL),
7.23 (t, 3JHH = 8.7 Hz, 15H, HP, HL), 7.11 (d, 3JHH = 7.6 Hz, 4H,
HL(Tolyl)), 2.29 (s, 6H, HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ
[ppm] = 164.5 (s), 162.0 (s), 139.9 (s), 135.9 (dd, J = 15.1 Hz, J =
8.8 Hz), 133.4 (bs), 129.2 (bs), 128.9 (bs), 115.9 (dd, J = 20.3 Hz, J
= 7.7 Hz), 21.5 (s, 2C), 20.9 (s, 2C, CL(Me)). − 31P NMR (162 MHz,
DMSO d6) δ [ppm] = −5.83 (bs, 1P, PL), − 11.85 (bs, 2P, PP). −
19F NMR (376 MHz, DMSO d6) δ [ppm] = −114.85 (s, 6F). − MS
(FAB, 3 NBA) m/z [%] = 1365 (5) [M+Cu]+, 1176 (3) [M−I]+,
1049 (9) [Cu3I2LP]

+, 1024 (19) [Cu3I2L2]
+, 884 (20) [Cu2IP2]

+, 859
(31) [Cu2ILP]

+, 733 (77) [Cu3I2L]
+, 695 (81) [CuP2]

+, 670 (71)
[CuLP]+. − IR (ATR) ν [cm−1] = 1584 (w), 1493 (m), 1453 (w),
1392 (w), 1300 (vw), 1223 (w), 1158 (w), 1093 (w), 1013 (vw), 828
(m), 809 (m), 754 (w), 708 (vw), 631 (w), 618 (vw), 517 (m), 486
(w), 470 (w), 442 (w), 431 (m), 411 (w). − Elemental anal. calcd
for C55H42Cu2F6I2NP3 (1302.9): C 50.63, H 3.24, N 1.07; found: C
50.69, H 3.28, N 1.12. The molecular structure of the complex was
determined by single crystal X ray diffraction (CCDC 1996795).
[(2-(Bis(4-methylphenyl)phosphino)-4-methylpyridine)3Cu2I2]

(Cu-1b). Complex Cu 1b was synthesized according to the general
procedure and crystallized from a mixture of DCM and n pentane by
the layering approach. The product was obtained as a pale yellow
powder (62% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.75 (bs, 3H, HL(Pyr)),
7.34−7.23 (m, 18H, HL(Pyr), HL(Tolyl)), 7.08 (d, JCP = 7.6 Hz, 12H,
HL(Tolyl)), 2.28 (s, 18H, HL(Me)), 2.24 (s, 9H, HL(Me)). − 13C NMR
(101 MHz, DMSO d6) δ [ppm] = 158.3 (d, JCP = 54.7 Hz, 3C,
CqL(Pyr)), 150.5 (d, JCP = 11.2 Hz, 3C, CL(Pyr)), 148.4 (bs, 3C,
CqL(Pyr)), 139.6 (s, 6C, CqL(Tolyl)), 133.5 (d, JCP = 12.8 Hz, 12C,
CL(Tolyl)), 131.6−131.3 (m, 3C, CL(Pyr)), 129.0 (d, JCP = 5.8 Hz, 12C,
CL(Tolyl)), 128 (bs, 6C, CqL(Tolyl)), 125.6 (bs, 3C, CL(Pyr)), 20.9 (s, 6C,
CL(Me)), 20.6 (s, 3C, CL(Me)). − 31P NMR (162 MHz, DMSO d6) δ
[ppm] = −7.08 (bs, 3P). − MS (FAB, 3 NBA) m/z [%] = 1357 (1)
[M+Cu]+, 1052 (11) [Cu3I2L2]

+, 863 (8) [Cu2IL2]
+, 747 (18)

[Cu3I2L]
+, 673 (32) [CuL2]

+, 557 (45) [Cu2IL]
+, 368 (100) [CuL]+,

306 (9) [L+H]+, 213 (12) [P(Tolyl)2]
+. − IR (ATR) ν [cm−1] =

2916 (vw), 2077 (vw), 1591 (vw), 1547 (vw), 1497 (vw), 1444 (vw),
1396 (vw), 1310 (vw), 1188 (vw), 1095 (vw), 1019 (vw), 988 (vw),
802 (vw), 740 (vw), 708 (vw), 631 (vw), 619 (vw), 554 (vw), 505
(w), 440 (vw), 409 (vw). − Elemental anal. calcd for
C60H60Cu2I2N3P3 (1295.0): C 55.56, H 4.66, N 3.24; found: C
51.05, H 4.22, N 2.95. Reproduction of the reaction gave identical
values for the elemental analysis. The molecular structure of complex
Cu 1b was confirmed via single X ray diffraction analysis (CCDC
1996738).
[(2-(Bis(4-methylphenyl)phosphino)-4-methylpyridine)-

(triphenylphosphine)2Cu2I2] (Cu-1b-H). Complex Cu 1b H was
synthesized according to the general procedure and crystallized with
the layering method from DCM and n pentane. The product was
obtained as a pale yellow powder (99% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 7.46−7.35 (m, 33H,
HP, HL(Pyr)), 7.18 (bs, 4H, HL(Tolyl)), 7.08 (d, 3JHH = 7.7 Hz, 4H,
HL(Tolyl)), 2.28 (s, 6H, HL(Me)), 2.23 (s, 3H, HL(Me)). − 13C NMR
(101 MHz, DMSO d6) δ [ppm] = 139.7 (s), 133.6 (d, JCP = 13.9 Hz),
132.9 (d, JCP = 28.2 Hz), 129.9 (s), 129.2 (d, JCP = 8.3 Hz), 128.6 (d,

JCP = 8.2 Hz), 20.9 (s, 2C, CL(Me)), 20.7 (s, 1C, CL(Me)). − 31P NMR
(162 MHz, DMSO d6) δ [ppm] = −5.50 (bs, 1P, PL), − 7.47 (bs, 2P,
PP). − MS (FAB, 3 NBA) m/z [%] = 1271 (3) [M+Cu]+, 1242 (8)
[Cu4I3L2]

+, 1082 (2) [M−I]+, 1052 (20) [Cu3I2L2]
+, 1009 (4)

[Cu3I2LP]
+, 966 (2) [Cu3I2P2]

+, 819 (16) [Cu2ILP]
+, 776 (12)

[Cu2IP2]
+, 747 (49) [Cu3I2L]

+, 673 (68) [CuL2]
+, 630 (73) [CuLP]+,

587 (85) [CuP2]
+, 557 (100) [Cu2IL]

+. − IR (ATR) ν [cm−1] =
3048 (vw), 1596 (vw), 1479 (w), 1434 (w), 1187 (vw), 1093 (w),
1029 (vw), 1000 (vw), 806 (w), 745 (w), 694 (m), 618 (vw), 515
(m), 502 (m), 463 (w), 439 (w). − Elemental anal. calcd for
C56H50Cu2I2NP3 (1208.9): C 55.55, H 4.16, N 1.16; found: C 54.97,
H 4.07, N 1.16. The molecular structure of the complex was
determined by single crystal X ray diffraction (CCDC 1996792).

[(2-(Bis(4-methylphenyl)phosphino)-4-methylpyridin)(tris(4-
methoxyphenyl)phosphine)2Cu2I2] (Cu-1b-MeO). Complex
Cu 1b MeO was synthesized according to the general procedure
and crystallized from DCM and n pentane. The product was obtained
as a pale yellow powder (98% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.55 (bs, 1H, HL(Pyr)),
7.38−7.34 (m, 14H, HP, HL(Pyr)), 7.22 (bs, 4H, HL(Tolyl)), 7.08 (d,
3JHH = 7.8 Hz, 4H, HL(Tolyl)), 6.89 (d, 3JHH = 8.1 Hz, 12H, HP), 3.75
(s, 18H, HP(MeO)), 2.29 (s, 6H, HL(Me)), 2.27 (s, 3H, HL(Me)). −
13C NMR (101 MHz, DMSO d6) δ [ppm] = 160.3 (s), 150.8 (bs),
149.3 (bs), 139.6 (s), 135.1 (d, JCP = 15.0 Hz), 133.4 (d, JCP = 13.7
Hz), 132.0 (bs), 129.2 (d, JCP = 7.9 Hz), 125.9 (bs), 124.7 (d, JCP =
33.1 Hz), 114.1 (d, JCP = 9.3 Hz), 55.1 (s, 6C, CP(MeO)), 20.9 (s, 2C,
CL(Me)), 20.6 (s, 1C, CL(Me)). − 31P NMR (162 MHz, DMSO d6) δ
[ppm] = −5.91 (bs, 1P, PL), − 13.29 (bs, 2P, PP). − MS (FAB, 3
NBA) m/z [%] = 1451 (3) [M+Cu]+, 1262 (2) [M−I]+, 1099 (6)
[Cu3I2LP]

+, 1052 (17) [Cu3I2L2]
+, 910 (25) [Cu2ILP]

+, 747 (42)
[Cu3I2L]

+, 720 (100) [CuLP]+, 557 (66) [Cu2IL]
+, 415 (16) [CuP]+,

368 (81) [CuL]+, 353 (20) [P+H]+, 306 (10) [L+H]+. − IR (ATR) ν
[cm−1] = 2834 (vw), 1592 (w), 1568 (w), 1497 (m), 1459 (w), 1402
(vw), 1285 (w), 1247 (m), 1177 (m), 1097 (m), 1026 (m), 824 (w),
797 (m), 717 (vw), 617 (vw), 532 (w), 505 (w), 454 (w), 417 (w). −
Elemental anal. calcd for C62H62Cu2I2NO6P3 (1389.0): C 53.54, H
4.49, N 1.01; found: C 51.23, H 4.26, N 0.98. The molecular structure
of the complex was determined by single crystal X ray diffraction
(CCDC 1996798).

[(2-(Bis(4-methylphenyl)phosphino)-4-methylpyridin)(tris(4-
fluorophenyl)phosphine)2Cu2I2] (Cu-1b-F). Complex Cu 1b F was
synthesized according to the general procedure and crystallized from
DCM and n pentane. The product was obtained as a pale yellow
powder (94% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.42 (bs, 1H, HL(Pyr)),
7.47−7.46 (m, 13H, HP, HL(Pyr)), 7.24−7.20 (m, 17H, HP, HL(Pyr),
HL(Tolyl)), 7.10 (d, 3JHH = 7.6 Hz, 4H, HL(Tolyl)), 2.30 (s, 6H, HL(Me)),
2.26 (s, 3H, HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] =
164.4 (s), 162.0 (s), 139.8 (s), 136.0 (dd, J = 15.6 Hz, J = 8.5 Hz),
133.4 (d, J = 14.6 Hz), 129.2 (d, J = 7.2 Hz), 128.9 (bs), 115.9 (dd, J
= 21.1 Hz, J = 9.0 Hz), 20.9 (s, 2C, CL(Me)), 20.6 (s, 1C, CL(Me)). −
31P NMR (162 MHz, DMSO d6) δ [ppm] = −5.60 (bs, 1P, PL), −
13.76 (bs, 2P, PP). − 19F NMR (376 MHz, DMSO d6) δ [ppm] =
−114.90 (s, 6F). − MS (FAB, 3 NBA) m/z [%] = 1379 (2) [M
+Cu]+, 1190 (1) [M−I]+, 1063 (1) [Cu3I2LP]

+, 873 (4) [Cu2ILP]
+,

747 (7) [Cu3I2L]
+, 684 (8) [CuLP]+, 557 (19) [Cu2IL]

+, 378 (8)
[CuP]+, 368 (27) [CuL]+. − IR (ATR) ν [cm−1] = 2954 (vw), 1585
(m), 1494 (m), 1463 (w), 1393 (w), 1300 (vw), 1231 (m), 1159
(m), 1093 (m), 1013 (w), 826 (m), 740 (w), 708 (w), 632 (w), 618
(w), 516 (s), 503 (m), 468 (w), 457 (w), 431 (m). − Elemental anal.
calcd for C56H44Cu2F6I2NP3 (1316.9): C 51.00, H 3.36, N 1.06;
found: C 51.13, H 3.55, N 1.06. The molecular structure of the
complex was determined by single crystal X ray diffraction (CCDC
1996797).

[ ( 2 - ( B i s ( 4 -m e t h o x y p h en y l ) p h o s p h i n o ) p y r i d i n e ) -
(triphenylphosphine)2Cu2I2] (Cu-2a-H). Complex Cu 2a H was
synthesized according to the general procedure and crystallized with
the layering method from DCM and n pentane. The product was
obtained as a pale yellow powder (73% yield).



1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.61 (bs, 1H, HL(Pyr)),
7.86 (t, 3JHH = 7.5 Hz, 1H, HL(Pyr)), 7.57 (d, 3JHH = 7.4 Hz, 1H,
HL(Pyr)), 7.45−7.42 (m, 19H, HP, HL(Pyr)), 7.36−7.32 (m, 16H, HP,
HL(MeO‑Ph)), 6.84 (d, 3JHH = 8.4 Hz, 4H, HL(MeO‑Ph)), 3.75 (s, 6H,
HL(MeO)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] = 160.5 (s),
151.0 (bs), 137.6 (bs), 135.3 (d, JCP = 13.2 Hz), 133.7 (d, JCP = 13.5
Hz), 133.2 (d, JCP = 27.4 Hz), 129.8 (s), 128.5 (d, JCP = 8.3 Hz),
124.6 (bs), 123.1 (d, JCP = 25.3 Hz), 114.2 (d, JCP = 5.2 Hz), 55.2 (s,
2C, CL(MeO)). − 31P NMR (162 MHz, DMSO d6) δ [ppm] = −7.31
(bs, 1P, PL), − 9.94 (bs, 2P, PP). − MS (FAB, 3 NBA) m/z [%] =
1289 (2) [M+Cu]+, 1227 (1) [M + H]+, 1100 (3) [M−I]+, 1027 (2)
[Cu3I2LP]

+, 837 (6) [Cu2ILP]
+, 648 (11) [CuLP]+, 587 (23)

[CuP2]
+, 575 (12) [Cu2IL]

+, 386 (16) [CuL]+. − IR (ATR) ν [cm−1]
= 3048 (vw), 1593 (w), 1498 (w), 1479 (w), 1452 (vw), 1433 (w),
1287 (w), 1250 (w), 1178 (w), 1094 (w), 1026 (w), 825 (w), 798
(vw), 743 (w), 693 (m), 518 (w), 506 (w), 426 (vw). − Elemental
anal. calcd for C55H48Cu2I2NO2P3 (1226.8): C 53.76, H 3.94, N 1.14;
found: C 53.43, H 3.92, N 1.19. The molecular structure of the
complex was determined by single crystal X ray diffraction (CCDC
1996799).
[(2-(Bis(4-methoxyphenyl)phosphino)-4-metylpyridine)-

(triphenylphosphine)2Cu2I2] (Cu-2b-H). Complex Cu 2b H was
synthesized according to the general procedure and crystallized with
the layering method from DCM and n pentane. The product was
obtained as a pale yellow powder (60% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.44 (bs, 1H, HL(Pyr)),
7.43 (t, 3JHH = 7.4 Hz, 19H, HP, HL(Pyr)), 7.34 (t,

3JHH = 7.1 Hz, 12H,
HP), 7.29 (bs, 4H, HL(Tolyl)), 7.21 (bs, 1H, HL(Pyr)), 6.82 (d, 3JHH =
36.6 Hz, 4H, HL(Tolyl)), 3.75 (s, 6H, HL(MeO)), 2.25 (s, 3H, HL(Me)). −
13C NMR (101 MHz, DMSO d6) δ [ppm] = 169.6 (s), 160.5 (s),
150.6 (bs), 135.2 (d, JCP = 11.9 Hz), 133.7 (d, JCP = 13.7 Hz), 133.2
(d, JCP = 27.4 Hz), 131.6 (bs), 129.8 (s), 128.5 (d, JCP = 8.0 Hz),
125.6 (bs), 123.1 (bs), 114.1 (d, JCP = 7.3 Hz), 55.2 (s, 2C, CL(MeO)),
20.6 (s, 1C, CL(Me)). − 31P NMR (162 MHz, DMSO d6) δ [ppm] =
−6.90 (bs, 1P, PL), − 10.80 (bs, 2P, PP). − MS (FAB, 3 NBA) m/z
[%] = 1303 (5) [M+Cu]+, 1241 (3) [M + H]+, 1114 (15) [M−I]+,
1041 (10) [Cu3I2LP]

+, 966 (1) [Cu3I2P2]
+, 927 (11) [Cu2IL2]

+, 851
(84) [Cu2ILP]

+, 779 (84) [Cu3I2L]
+, 776 (63) [Cu2IP2]

+, 737 (30)
[CuL2]

+. − IR (ATR) ν [cm−1] = 3048 (vw), 1593 (w), 1498 (m),
1478 (w), 1433 (m), 1287 (w), 1250 (m), 1177 (m), 1093 (m), 1025
(w), 824 (w), 798 (w), 743 (m), 693 (m), 516 (m), 502 (m), 469
(w), 444 (w), 387 (vw). − Elemental anal. calcd for
C56H50Cu2I2NO2P3 (1240.9): C 54.12, H 4.06, N 1.13; found: C
53.83, H 4.00, N 1.17. The molecular structure of the complex was
determined by single crystal X ray diffraction (CCDC 1996801).
[ ( 2 - ( B i s ( 3 , 5 -d ime thy l pheny l ) phosph i no )py r i d i ne ) -

(triphenylphosphine)2Cu2I2] (Cu-3a-H). Complex Cu 3a H was
synthesized according to the general procedure. For precipitation
the resulting solution was directly poured into n pentane. The
complex was crystallized from DCM and n pentane. The product was
obtained as a pale yellow powder (33% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.61 (bs, 1H, HL(Pyr)),
7.81 (bs, 1H, HL(Pyr)), 7.49 (bs, 1H, HL(Pyr)), 7.43−7.37 (m, 19H, HP,
HL(Pyr)), 7.31 (t,

3JHH = 7.4 Hz, 12H, HP), 7.01 (bs, 6H, HL), (s, 12H,
HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] = 150.7 (bs),
137.4 (d, JCP = 6.3 Hz), 133.6 (d, JCP = 13.8 Hz), 133.2 (d, JCP = 26.2
Hz), 131.5 (s), 131.3 (bs), 129.8 (s), 128.4 (d, JCP = 8.2 Hz). −
31P NMR (162 MHz, DMSO d6) δ [ppm] = −5.26 (bs, 1P, PL), −
8.48 (bs, 2P, PP). − MS (FAB, 3 NBA) m/z [%] = 1080 (4)
[Cu3I2L2]

+, 1023 (2) [Cu3I2LP]
+, 834 (9) [Cu2ILP]

+, 761 (19)
[Cu3I2L]

+, 704 (8) [Cu3I2P]
+, 644 (40) [CuLP]+, 587 (39) [CuP2]

+,
571 (36) [Cu2IL]

+, 514 (13) [Cu2IP]
+, 382 (100) [CuL]+, 325 (46)

[CuP]+, 320 (13) [L+H]+, 263 (23) [P+H]+, 185 (9) [PPh2]
+. − IR

(ATR) ν [cm−1] = 3049 (vw), 1583 (vw), 1479 (vw), 1434 (w), 1183
(vw), 1157 (vw), 1127 (vw), 1094 (w), 1027 (vw), 998 (vw), 846
(vw), 742 (w), 692 (m), 618 (vw), 563 (vw), 519 (w), 505 (w), 431
(vw). − Elemental anal. calcd for C57H52Cu2I2NP3 (1222.9): C
55.89, H 4.28, N 1.14; found: C 53.84, H 4.01, N 0.88. The molecular
structure of the complex was determined by single crystal X ray
diffraction (CCDC 1996739).

[(4-Methyl-2-(bis(3,5-dimethylphenyl)phosphino)pyridine)-
(triphenylphosphine)2Cu2I2] (Cu-3b-H). Complex Cu 3b H was
synthesized according to the general procedure. The product was
obtained as a pale yellow powder (77% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 7.45−7.32 (m, 37H,
HP, HL), 7.00 (bs, 2H, HL), 2.28 (bs, 3H, HL(Me)), 2.08 (bs, 12H,
HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] = 137.5 (d, JCP
= 6.5 Hz), 133.6 (d, JCP = 14.0 Hz), 133.0 (d, JCP = 28.5 Hz), 131.5
(s), 131.0 (bs), 129.9 (s), 128.5 (d, JCP = 8.2 Hz), 20.9 (s, 4C,
CL(Me)), 20.6 (s, 1C, CL(Me)). − 31P NMR (162 MHz, DMSO d6) δ
[ppm] = −4.99 (bs, 1P, PL), − 8.27 (bs, 2P, PP). − MS (FAB, 3
NBA) m/z [%] = 1299 (7) [M+Cu]+, 1110 (17) [M−I]+, 1037 (5)
[Cu3I2LP]

+, 848 (20) [Cu2ILP]
+, 775 (36) [Cu3I2L]

+, 658 (67)
[CuLP]+, 585 (70) [Cu2IL]

+, 396 (100) [CuL]+, 325 (32) [CuP]+,
263 (21) [P+H]+. − IR (ATR) ν [cm−1] = 3050 (vw), 1586 (vw),
1479 (vw), 1434 (w), 1183 (vw), 1126 (vw), 1094 (w), 1027 (vw),
997 (vw), 846 (vw), 742 (w), 691 (w), 661 (vw), 519 (w), 444 (w).
− Elemental anal. calcd for C58H54Cu2I2NP3 (1237.0): C 56.23, H
4.39, N 1.13; found: C 54.81, H 4.19, N 0.99.

[(4-Methyl-2-(bis(3,5-dimethylphenyl)phosphino)pyridine)(tris-
(4-fluorophenyl)phosphine)2Cu2I2] (Cu-3b-F). Complex Cu 3b F
was synthesized according to the general procedure and crystallized
with the layering method from DCM and n pentane. The product was
obtained as a pale yellow powder (95% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.38 (bs, 1H, HL(Pyr)),
7.77−7.63 (m, 1H, HL(Pyr)), 7.49 (bs, 13H, HL(Pyr), HP), 7.20 (bs,
12H, HP), 7.02 (bs, 6H, HL), 2.27 (s, 3H, HL(Me)), 2.09 (s, 12H,
HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] = 164.4 (s,
Cq), 161.9 (s, Cq), 150.7 (d, J = 14.1 Hz), 149.5 (bs, Cq), 137.5 (d, J
= 8.1 Hz), 136.0 (dd, J = 15.6 Hz, J = 8.4 Hz), 134.4 (dd, J = 11.5 Hz,
J = 9.0 Hz), 131.5 (s), 131.0 (d, J = 13.4 Hz), 129.1 (dd, J = 28.8 Hz,
J = 3.3 Hz, Cq), 126.1 (bs), 115.8 (dd, J = 21.3 Hz, J = 9.3 Hz), 20.8
(s, 4C, CL(Me)), 20.5 (s, 1C, CL(Me)). − 31P NMR (162 MHz, DMSO
d6) δ [ppm] = −4.93 (bs, 1P, PL), − 15.06 (bs, 2P, PP). − 19F NMR
(376 MHz, DMSO d6) δ [ppm] = −114.92 (s, 6F). − MS (FAB, 3
NBA) m/z [%] = 1407 (1) [M+Cu]+, 1298 (2) [Cu4I3L2]

+, 1108 (5)
[Cu3I2L2]

+, 901 (8) [Cu2ILP]
+, 775 (39) [Cu3I2L]

+, 695 (6) [CuP2]
+,

585 (68) [Cu2IL]
+, 568 (5) [Cu2IP]

+, 396 (100) [CuL]+, 378 (16)
[CuP]+, 317 (13) [P+H]+, 227 (9) [L−Pyr−Me]+. − IR (ATR) ν
[cm−1] = 2917 (vw), 1895 (vw), 1586 (m), 1493 (m), 1393 (w),
1301 (vw), 1224 (m), 1158 (m), 1092 (w), 1039 (w), 1013 (w), 823
(m), 740 (vw), 709 (w), 689 (w), 634 (vw), 610 (vw), 562 (vw), 522
(m), 466 (w), 442 (m). − Elemental anal. calcd for
C58H48Cu2F6I2NP3 (1346.9): C 51.72, H 3.59, N 1.04; found: C
51.27, H 3.54, N 1.13.

[(2-(Bis(2-furyl)phosphino)pyridine)(triphenylphosphine)2Cu2I2]
(Cu-5a-H). Complex Cu 5a H was synthesized according to the
general procedure and crystallized with the layering method from
DCM and n pentane. The product was obtained as a pale yellow
powder (95% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.58 (bs, 1H, HL(Pyr)),
7.97 (d, 3JHH = 0.8 Hz, 2H, HL(Furyl)), 7.92 (t, 3JHH = 7.1 Hz, 1H,
HL(Pyr)), 7.64 (bs, 1H, HL(Pyr)), 7.51−7.35 (m, 32H, HP,HL(Furyl)), 6.88
(bs, 1H, HL(Pyr)), 6.50 (s, 2H, HL(Furyl)). − 13C NMR (101 MHz,
DMSO d6) δ [ppm] = 156.5 (d, JCP = 55.2 Hz), 150.9 (bs), 149.2 (d,
JCP = 1.4 Hz), 144.7 (d, JCP = 32.6 Hz), 137.7 (bs), 133.7 (d, JCP =
14.0 Hz), 133.0 (d, JCP = 28.7 Hz), 129.9 (s), 128.5 (d, JCP = 8.7 Hz),
125.0 (bs), 124.4 (d, JCP = 18.9 Hz), 111.1 (d, JCP = 7.6 Hz). −
31P NMR (162 MHz, DMSO d6) δ [ppm] = −9.81 (bs, 2P, PP),−
47.56 (bs, 1P, PL). − MS (FAB, 3 NBA) m/z [%] = 1209 (11) [M
+Cu]+, 1147 (3) [M + H]+, 1019 (20) [M−I]+, 966 (6) [Cu3I2P2]

+,
947 (11) [Cu3I2LP]

+, 928 (25) [Cu3I2L2]
+, 776 (100) [Cu2IP2]

+, 757
(66) [Cu2ILP]

+, 704 (12) [Cu3I2P2]
+, 685 (53) [Cu3I2L]

+. − IR
(ATR) ν [cm−1] = 3046 (vw), 1580 (vw), 1478 (w), 1452 (vw), 1433
(w), 1211 (vw), 1155 (w), 1115 (w), 1093 (w), 1027 (vw), 1007 (w),
903 (w), 882 (vw), 742 (m), 692 (m), 593 (w), 518 (m), 505 (m),
466 (w). − Elemental anal. calcd for C49H40Cu2I2NO2P3 (1146.8): C
51.24, H 3.51, N 1.22; found: C 50.60, H 3.51, N 1.12. The molecular
structure of the complex was determined by single crystal X ray
diffraction (CCDC 1996793).



[(2-(Bis(2-furyl)phosphino)pyridine)(tris(4-fluorophenyl)-
phosphine)2Cu2I2] (Cu-5a-F). Complex Cu 5a F was synthesized
according to the general procedure and crystallized with the layering
method from DCM and n pentane. The product was obtained as a
pale yellow powder (92% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.57 (bs, 1H, HL(Pyr)),
7.99 (bs, 2H, HL(Furyl)), 7.95 (t, 3JHH = 7.7 Hz, 1H, HL(Pyr)), 7.65 (bs,
1H, HL(Pyr)), 7.54−7.44 (m, 14H, HL, HP), 7.25 (t, 3JHH = 8.8 Hz,
12H, HP), 6.88 (bs, 1H, HL(Pyr)), 6.53 (bs, 2H, HL(Furyl)). − 13C NMR
(101 MHz, DMSO d6) δ [ppm] = 164.5 (s), 162.0 (s), 156.6 (bs),
156.1 (bs), 151.0 (bs), 149.3 (d, J = 2.1 Hz), 144.5 (d, J = 34.9 Hz),
137.9 (bs), 136.0 (dd, J = 15.6 Hz, J = 8.5 Hz), 128.9 (dd, J = 29.3
Hz, J = 2.8 Hz), 125.3 (bs), 124.2 (d, J = 23.1 Hz), 115.9 (dd, J =
21.2 Hz, J = 9.6 Hz), 111.2 (d, J = 7.3 Hz). − 31P NMR (162 MHz,
DMSO d6) δ [ppm] = −13.35 (bs, 2P, PP), − 46.39 (bs, 1P, PL). −
19F NMR (376 MHz, DMSO d6) δ [ppm] = −110.39 (s, 6F). − MS
(FAB, 3 NBA) m/z [%] = 1317 (5) [M+Cu]+, 1255 (3) [M + H]+,
1227 (10) [M−I]+, 1074 (16) [Cu3I2P2]+, 1001 (14) [Cu3I2LP]+, 928
(25) [Cu3I2L2]

+, 884 (100) [Cu2IP2]
+, 811 (67) [Cu2ILP]

+. − IR
(ATR) ν [cm−1] = 1584 (w), 1493 (m), 1393 (w), 1300 (vw), 1221
(m), 1159 (m), 1124 (w), 1093 (w), 1007 (w), 903 (vw), 825 (m),
812 (m), 860 (w), 748 (m), 635 (w), 590 (vw), 516 (m), 461 (m),
433 (m) , 407 (w) . − Elementa l ana l . c a l cd f o r
C49H34Cu2F6I2NO2P3(1254.8): C 46.83, H 2.73, N 1.11; found: C
47.08, H 2.57, N 1.22. The molecular structure of the complex was
determined by single crystal X ray diffraction (CCDC 1996794).
[ ( 2 - ( B i s ( 2 - f u r y l ) p h o s p h i n o ) - 4 -m e t h y l p y r i d i n e ) -

(triphenylphosphine)2Cu2I2] (Cu-5b-H). Complex Cu 5b H was
synthesized according to the general procedure. The complex was
crystallized from DCM and n pentane. The product was obtained as a
pale yellow powder (72% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.45 (bs, 1H, HL(Pyr)),
7.95 (s, 2H, HL(Furyl)), 7.46−7.34 (m, 32H, HP, HL(Furyl)), 7.21 (bs,
1H, HL(Pyr)), 6.98 (bs, 1H, HL(Pyr)), 6.53 (s, 2H, HL(Furyl)), 2.25 (s, 3H,
HL(Me)). − 13C NMR (101 MHz, DMSO d6) δ [ppm] = 149.0 (bs),
133.6 (d, JCP = 14.2 Hz), 133.0 (d, JCP = 28.0 Hz), 129.9 (s), 128.6
(d, JCP = 8.1 Hz), 111.2 (d, JCP = 7.7 Hz), 20.7 (s, 1C, CL(Me)). −
31P NMR (162 MHz, DMSO d6) δ [ppm] = −7.65 (bs, 2P, PP), −
49.43 (bs, 1P, PL). − MS (FAB, 3 NBA) m/z [%] = 1223 (1) [M
+Cu]+, 961 (11) [Cu3I2LP]

+. − IR (ATR) ν [cm−1] = 3049 (vw),
1598 (vw), 1479 (vw), 1434 (w), 1153 (vw), 1116 (vw), 1093 (vw),
1027 (vw), 1007 (vw), 902 (vw), 882 (vw), 824 (vw), 742 (w), 693
(w), 593 (vw), 552 (vw), 510 (w), 490 (w), 458 (w), 439 (vw), 386
(vw). − Elemental anal. calcd for C50H42Cu2I2NO2P3 (1160.9): C
51.65, H 3.64, N 1.20; found: C 51.22, H 3.64, N 1.14. The molecular
structure of the complex was determined by single crystal X ray
diffraction (CCDC 1996737).
[ ( 2 - ( B i s ( 4 - fl u o r o p h e n y l ) p h o s p h i n o ) p y r i d i n e ) -

(triphenylphosphine)2Cu2I2] (Cu-6a-H). Complex Cu 6a H was
synthesized according to the general procedure and was crystallized
from DCM and n pentane. The product was obtained as a pale yellow
powder (62% yield).

1H NMR (400 MHz, DMSO d6) δ [ppm] = 8.59 (bs, 1H, HL(Pyr)),
7.88 (t, 3JHH = 7.7 Hz, 1H, HL(Pyr)), 7.66 (d, 3JHH = 7.8 Hz, 1H,
HL(Pyr)), 7.45−7.42 (m, 23H, HP, HL(Pyr), HL(F‑Ph)), 7.34 (t,

3JHH = 7.4
Hz, 12H, HP), 7.15 (t,

3JHH = 8.8 Hz, 4H, HL(F‑Ph)). − 13C NMR (101
MHz, DMSO d6) δ [ppm] = 164.4 (s), 162.0 (s), 151.2 (bs), 137.8
(bs), 136.1 (bs), 133.7 (d, J = 13.3 Hz), 133.1 (d, J = 27.8 Hz), 131.5
(bs), 129.9 (s), 128.5 (d, J = 7.5 Hz), 128.3 (bs), 125.0 (bs), 115.8
(d, J = 21.8 Hz). − 31P NMR (162 MHz, DMSO d6) δ [ppm] =
−8.88 (bs, 1P, PL), − 9.88 (bs, 2P, PP). − 19F NMR (376 MHz,
DMSO d6) δ [ppm] = −114.72 (s, 2F). − MS (FAB, 3 NBA) m/z
[%] = 1265 (2) [M+Cu]+, 1227 (1) [M + H]+, 1100 (3) [M−I]+,
1027 (2) [Cu3I2LP]

+, 837 (2) [M+Cu]+, 1203 (1) [M + H]+, 1076
(3) [M−I]+, 1003 (4) [Cu3I2LP]

+, 813 (24) [Cu2ILP]
+, 776 (21)

[Cu2IP2]
+, 741 (10) [Cu3I2L]

+, 624 (46) [CuLP]+, 587 (62) [CuP2]
+,

551 (33) [Cu2IL]
+, 514 (16) [Cu2IP]

+, 361 (34) [CuL]+, 325 (35)
[CuP]+, 263 (19) [P+H]+, 185 (9) [PPh2]

+. − IR (ATR) ν [cm−1] =
3050 (vw), 1587 (w), 1495 (w), 1480 (w), 1434 (w), 1393 (vw),
1231 (w), 1160 (w), 1092 (w), 998 (vw), 826 (w), 741 (m), 692

(m), 518 (m), 504 (m), 450 (w), 420 (w). − Elemental anal. calcd
for C53H42Cu2F2I2NP3 (1202.9): C 52.84, H 3.51, N 1.16; found: C
52.95, H 3.53, N 1.64. The molecular structure of the complex was
determined by single crystal X ray diffraction (CCDC 1996803).

Theoretical Calculations. All quantum chemical calculations in
this work were performed with the Guassian09 package using B3LYP
for the geometry optimization with the basis set 6 31G(d,p) for the
atoms C, H and N, and P plus the Cu and I basis set SBKJC VDZ
ECP in gas phase, with a total charge of zero. The same data settings
were used for calculating the excited states via TDDFT. For further
computational details, as well as for the other HOMO, LUMO and
spin density plots, compare the corresponding section in the SI.

OLED Manufacturing. For the preparation of the OLED devices
prepatterned glass substrates (1.1 mm) with indium tin oxide coatings
(120−160 nm, surface resistance of 15 Ohm/sq) of Lumtec Corp.
were used as anodes (LT G001 ITO glass). The substrates were
washed sequentially in an ultrasonic bath with a NaOH solution
(100 g/L NaOH in ethanol with a small portion of water, 30 min),
distilled water (10 min), and 2 propanol (10 min). The component
was dried under a N2 flow afterward. In order to remove all residuals
and/or organic impurities on the surface, a 30 min UV treatment with
the Ossila UV ozone cleaner was applied. Ozone was hereby
generated via UV emission to oxidize and get rid of the possible
residues

All prior treatments as well as the spin coating depositions were
performed under ambient air conditions in a cleanroom of the class
10000.

F i r s t , a 5 0 nm t h i c k P EDOT : P S S ( p o l y ( 3 , 4
ethylenedioxythiophene):poly(styrenesulfonate), from Lumtec Corp.)
hole injection layer was deposited by pouring 300 μL of the
corresponding aqueous solution (2 wt %) onto the substrate, followed
by rotation with 2000 rpm for 60 s. The obtained film was dried at
100 °C for 30 min. As the next step, a 20 nm thick hole transporting
poly TPD (poly(4 butyltriphenylamine, from Ossila (UK), sublima
tion grade >99%) layer was spin coated from a chlorobenzene
solution (5 g/L) at 2000 rpm for 60 s. The layer was dried at 100 °C
for 10 min. Finally, the emission layer as a mixture of the copper
complex emitter material (20 wt %) in pure CBP (4,4′ bis(N
carbazolyl) 1,1′ biphenyl) or in a mixture of CBP:TcTa (7:3) with
TcTa = tris(4 carbazoyl 9 ylphenyl)amine (both with a sublimation
grade >99.5%) was spin coated. In some cases, also DMFL CBP (2,7
bis(carbazol 9 yl) 9,9 dimethylfluorene, sublimation grade >99.5%)
was used as host material. Hereby dichloromethane served as solvent
(5 g/L), and the rotation was performed with 1020−2120 rpm for
60 s. For the comparison studies, a standard thickness of the EML of
20 nm, which was obtained with a spin coating frequency of 1500
rpm, was used.

After the depositions, the substrates were transferred into an argon
glovebox. The emission layers were dried at 80 °C for 20 min. Via
thermal evaporation (Univex 300, Leybord Heraeus), 15−30 nm
thick electron transporting/hole blocking layers were applied. For this
layer, TPBi (2,2′,2″ (1,3,5 benzinetriyl) tris(1 phenyl 1 H benzimida
zol), sublimation grade >99.5%) or OXD 7 (1,3 bis[2 (4 tert
butylphenyl) 1,3,4 oxadiazo 5 yl]benzol, sublimation grade >99%,
both from Lumtec Corp. (Taiwan)), was used. On top, a LiF layer
(1 nm) and an aluminum layer (>100 nm) were evaporated under a
pressure below 10−5 mbar as cathode.

The thickness of the layers was controlled by a quartz microbalance
resonator pregraduated with an atomic force microscope.

Measurements of the OLED characteristics were performed in an
argon glovebox as well. The electroluminescence spectra were
obtained using an Ocean Optics Maya 2000 Pro CCD spectrometer
with a sensitivity within the range of 200−1100 nm. Current intensity
(I)−voltage (V) curves were recorded using two DT 838 digital
multimeters. The luminance was measured by a TKA PKM luminance
meter (TKA Instruments).
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Cohen, S. Inverting singlet and triplet excited states using strong light
matter coupling. Sci. Adv. 2019, 5, eaax4482.
(78) Zhang, X.; Guo, X.; Chen, Y.; Wang, J.; Lei, Z.; Lai, W.; Fan,
Q.; Huang, W. Highly efficient red phosphorescent organic light
emitting devices based on solution processed small molecular mixed
host. J. Lumin. 2015, 161, 300−305.
(79) Matsusue, N.; Ikame, S.; Suzuki, Y.; Naito, H. Charge carrier
transport in an emissive layer of green electrophosphorescent devices.
Appl. Phys. Lett. 2004, 85, 4046−4048.
(80) Kang, J. W.; Lee, S. H.; Park, H. D.; Jeong, W. I.; Yoo, K. M.;
Park, Y. S.; Kim, J. J. Low roll off of efficiency at high current density
in phosphorescent organic light emitting diodes. Appl. Phys. Lett.
2007, 90, 223508.
(81) Namdas, E. B.; Anthopoulos, T. D.; Samuel, I. D. W.;
Frampton, M. J.; Lo, S. C.; Burn, P. L. Simple color tuning of
phosphorescent dendrimer light emitting diodes. Appl. Phys. Lett.
2005, 86, 161104.
(82) Jou, J. H.; Sun, M. C.; Chou, H. H.; Li, C. H. Efficient pure
white organic light emitting diodes with a solution processed, binary
host employing single emission layer. Appl. Phys. Lett. 2006, 88,
141101.
(83) Kim, T. Y.; Jung, J. H.; Kim, J. B.; Moon, D. G. Achieving high
efficiency by high temperature annealing of hole transporting polymer
layer in solution processed organic light emitting devices. Synth. Met.
2017, 232, 167−170.

(84) Thejo Kalyani, N.; Dhoble, S. J. Organic light emitting diodes:
Energy saving lighting technologyA review. Renewable Sustainable
Energy Rev. 2012, 16, 2696−2723.
(85) Zhang, L.; Li, B.; Yue, S.; Li, M.; Hong, Z.; Li, W. A terbium
(III) complex with triphenylamine functionalized ligand for organic
electroluminescent device. J. Lumin. 2008, 128, 620−624.
(86) Fan, C.; Chen, Y.; Liu, Z.; Jiang, Z.; Zhong, C.; Ma, D.; Qin, J.;
Yang, C. Tetraphenylsilane derivatives spiro annulated by triphenyl
amine/carbazole with enhanced HOMO energy levels and glass
transition temperatures without lowering triplet energy: host materials
for efficient blue phosphorescent OLEDs. J. Mater. Chem. C 2013, 1,
463−469.
(87) Liu, T.; Foo, Y.; Zapien, J. A.; Li, M.; Tsang, S. W. A
generalized Stark effect electromodulation model for extracting
excitonic properties in organic semiconductors. Nat. Commun.
2019, 10, 5089.
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