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Luminescent copper(I) complexes presenting thermally acti-
vated delayed fluorescence (TADF) have drawn attention as
emitters for organic light emitting diodes (OLEDs). While the
majority of ligands used have nitrogen as donor atoms, in this
work, we report the synthesis and characterization of three
copper(I) complexes with the diimine ligand 1,10-phenanthro-
line and aminophosphine-derived ligands containing the piper-
azine and N,N’-dimethylethylenediamine to evaluate their effect
into the emission properties. The photophysical studies as a

function of temperature suggested TADF and phosphorescence
emission, supported by detailed density functional theory (DFT)
calculations. The use of aminophosphine ligands enhance the
TADF decay pathway in comparison with copper complex
containing the usual POP ligand. These properties, combined
with the appropriate HOMO-LUMO energy levels and thermal
stability, make these compounds a promising alternative for
application in OLEDs.

Introduction

The development of new emitters has attracted considerable
attention in the last years, mainly for applications in OLEDs.[1] In
particular, TADF materials came into focus as a cheaper
alternative to the traditional heavy-atom-based phosphorescent
materials, such as platinum, osmium, or iridium.[2–4] TADF
emitters allow for harvesting both generated singlet and triplet
excitons in such devices. As a result, 100% internal quantum
efficiency can be achieved with shorter lifetimes, improving the
efficiency of electroluminescence devices by reducing the
triplet-triplet annihilation (TTA) and triplet-polaron quenching
(TPA).[5] Thus, low-cost copper(I) complexes are usually efficient
TADF emitters, and their versatile photophysical properties can
be modulated by introducing ligands such as diimines and
diphosphines.[6,7]

The TADF mechanism mainly relies on thermal energy to
harvest electrons from the triplet to the singlet state via reverse
intersystem crossing (rISC). For copper(I) complexes, the ΔE-
(S1� T1) can exhibit different values according to spatially distinct
HOMO-LUMO distribution.[7–9] For heteroleptic complexes [Cu-
(NN)(PP)]+, as the HOMO is usually centered at copper-

phosphor moiety and the LUMO on the diimine, even small
changes at the ligands affect the ΔE(S1� T1) energy gap.

[6,9,10]

Moreover, the HOMO and LUMO overlap also affects the
allowedness of the S1!S0 transition and the spin-orbit coupling
(SOC) matrix elements between the low-lying state, impacting
the overall radiative and non-radiative decay pathways.[7,9]

Although several studies have been carried out investigating
the influence of diimines on these photophysical properties,
especially in the emission color modulation,[11] the structure-
property relations of phosphines are still to be elucidated.

Phosphine ligands, such as triphenylphosphine (PPh3),
[12]

(Oxydi-2,1-phenylene)bis(diphenylphosphine) (POP)[13,14] and
(9,9-Dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphine)
(Xantphos)[15,16] were first introduced to heteroleptic copper(I)
complexes in order to improve their electrochemical and
stability properties.[6] Chelating phosphines such as POP and
Xanthphos are the most used as they reduce non-radiative
efficiencies by increasing the rigidity around the copper(I)
center, thus avoiding the well-known pseudo-Jahn-Teller dis-
tortion in the electronic excited state.[6] Phosphines with
saturated[17,18] or conjugated bridges[17,19] between the
phosphorus atoms and those incorporating halides[20] or
heterocyclics[21,22] into phosphines were also used to modulate
the radiative and non-radiative ratio for such [Cu(NN)(PP)]+

complexes. In particular, those phosphine ligands containing
heteroatoms seems to enhance the photophysical properties of
copper(I) complexes (See Table S1). However, the specific role
of phosphines is not well known, especially when it comes to
heteroatoms bonded directly to the phosphorus atom as in the
aminophosphines ligands and what is their influence on the
photophysical properties, calling for new phosphines and
thereby establish a more comprehensive molecular design
principles for copper(I)-diphosphine materials.

We report the synthesis and characterization of three
luminescent Cu(I) complexes with 1,10-phenanthroline, POP,
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and aminophosphine-derived ligands containing the piperazine
and N,N’-dimethylethylenediamine moieties (Scheme 1). These
aminophosphine ligands were chosen as they are structurally
similar to others phosphines that were already studied in
luminescent copper(I) complexes (2 and 3 in Table S1).[10,17]

Thermal and electrochemical properties were evaluated, and
aminophosphines ligands improved the thermal stability of
copper(I) complexes. A detailed photophysical study was carried
out, including a temperature dependence, and all complexes
exhibited TADF and phosphorescence decay mechanisms.
Complexes containing aminophosphine ligands showed a faster
TADF decay pathway and a lower decay time than Cu(I)-POP
complex. The experimental spectroscopic data have been
further rationalized by means of detailed quantum-chemical
calculations.

Results and Discussion

Synthesis and Structural Characterization

The Cu(I) complexes were synthesized by stirring under reflux
[Cu(CH3CN)4]BF4 in dichloromethane with the phosphine ligand
for 30 minutes, then the 1,10-phenanthroline ligand was added
to the mixture and kept under reflux for 1 h (see Scheme S1), as
earlier reported for C1.[13] Complexes were obtained with
excellent yields >66% and good stabilities in air under ambient
conditions at least for several months without oxidizing.

Single crystals were grown from dichloromethane/ethanol
(50/50 v/v) solutions by slow solvent evaporation for C3, and its
molecular structure was determined by single-crystal X-ray
diffraction studies (Figure 1). Single crystal of compound C2,
suited for X-ray structure determination, could not be grown. X-
ray diffraction analyses revealed that the copper(I) center in C3
has a distorted tetrahedral geometry, observed by the deviation
from the tetrahedral angle around the Cu(I) center, where the
dihedral angle between N� Cu� N and P� Cu� P planes is 87.6°,
while for C1 it is 86.4°.[13] The Cu� P and Cu� N bond lengths and
the angles around the Cu(I) atom for C3 and those already
reported to C1 are shown in Table 1.

Thermogravimetric Analysis and Cyclic Voltammetry Studies

Thermogravimetric analysis revealed that all complexes are
stable until 200 °C, with the exception of C1, which presented
an initial decomposition temperature (Tinitial) close to 128 °C
(Figure S4). Such thermal stability indicates that all the com-
plexes can undergo thermal treatments until at least 100 °C.

Scheme 1. Cu(I) complexes synthesized and investigated in this study.

Figure 1. ORTEP plot (thermal ellipsoid with 40% probability) of the
molecular structure of cation complex C3. Hydrogens atoms and solvent
molecules are omitted for clarity.

Table 1. Selected bond lengths and angles (Å) for C1 and C3.

C1[13] C3

Cu� P1 2.231 2.2233(5)
Cu� P2 2.261 2.2320(5)
Cu� N1 2.063 2.0751(14)
Cu� N2 2.071 2.0500(14)
Cu� O 3.205 –
P1� Cu� P2 108.12 109.06(18)
P1� Cu� N1 110.81 108.49(4)
P2� Cu� N2 109.08 120.41(4)
N1� Cu� N2 80.8 81.38(6)
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Cyclic voltammetry in dichloromethane showed an anodic
process for all the complexes (Figure S5), which is attributed to
the oxidation of the copper center. The HOMO levels were
estimated from the oxidation potentials (Table 2), whereas the
values of LUMO energies were obtained from the optical
bandgap since no cathodic process was observed in the
evaluated range.[23] The complexes containing aminophos-
phines showed a lower potential and high HOMO energy
compared with the analogous with the POP ligand, in agree-
ment with the observed decrease of Cu� P bond lengths for C3
in X-ray diffraction thus increasing the electronic density over
the copper atom. Moreover, the HOMO and LUMO energies are
in accordance with a calculated trend from DFT where the
contribution of the copper atom on these orbitals was
confirmed (see the theoretical modeling section). Therefore,
changing POP for the aminophosphines, significantly increases
the thermal stability of C2 and C3, along with the oxidation
potential, and consequently, the HOMO energy is only slightly
shifted, which could be beneficial to OLEDs fabrication.

Photophysical Properties and detailed TADF mechanism

The UV-Vis absorption spectra were performed in both dichloro-
methane solution and with the complexes dispersed at 10 wt%
in a PMMA matrix (Figure 2). In dichloromethane solution, the
absorption spectra of C1-C3 are very similar, showing an

intense absorption band around 270 nm which is assigned as
π!π* transitions within the phosphine ligands. For these
complexes, a shoulder close to 330 nm is observed and
assigned to π!π* transitions within the diimine ligand. At low
energy, close to 400 nm a broad absorption band is observed,
which is attributed to a metal-to-ligand charge-transfer (MLCT)
transition as suggested by DFT calculations (see section
2.4).[6,7,9,12,24] The absorption spectra of the complexes dispersed
in PMMA were found to be very similar to the solution
(Figure S6). By exciting the complexes dispersed in PMMA at
the lower energy band, a broad and unstructured line shape
emission spectra was observed (Figure 2), which agrees with
the MLCT nature of the emitting state (see section 2.4).

Records of the emission as a function of temperature (77 to
298 K) were carried out in solid-state, in powder form. In
general, the solid-state is not suitable for detailed decay studies
due to deactivation mechanisms, such as TTA and energy
transfer processes. Nevertheless, copper complexes exhibit a
self-trapping mechanism of the low-lying 1,3MLCT states that
should avoid these deactivation mechanisms.[9,25] The complexes
presented intense luminescence in the yellow-orange spectral
range under UV excitation (maximum absorption of the lower
energy band), with emission maxima between 537 and 617 nm
at 298 K and between 557 and 647 nm at 77 K (Figure S7). The
emission spectra are broad and unstructured even at 77 K,
which correlates with the assigned MLCT state. The blue shift
from 77 to 298 K is an indication of thermal activation of the
energetically higher-lying S1 state (TADF mechanism, see
below). The photoluminescence quantum yield (ΦPL) is 11.8%
for C1, 17.7% for C2, and 4.6% for C3 at 298 K, and by cooling
to 77 K it increases to 82.0% for C1 and to 23.0% for C2 and
decreases to 3.2% for C3. The emission lifetime decay (τ) was
more than one order of magnitude faster at 298 K, in μs time
scale, showing a sigmoidal profile (Figure 3). Furthermore, the
radiative decay rate kr (kr=ΦPL/τ) increases at 298 K (see
Table 3). The kr changes combined with the blue shift by
increasing temperature are attributed to a higher-lying energy

Table 2. Electrochemical and thermal properties of C1–C3 complexes.

Complex Eox
[a]

[V]
EHOMO
[V][b]

ELUMO
[V][c]

Optical Bandgap
[eV][d]

Tinitial
[°C]

C1 0.84 � 5.94 � 3.09 2.85 128
C2 0.72 � 5.82 � 2.94 2.88 236
C3 0.76 � 5.86 � 3.23 2.63 200

[a] Determined from peak potentials; [b] Calculated from EHOMO= � (5.1+

Eox)
23; [c] Calculated from the onset of the absorption spectra in solution; [d]

Obtained from the sum of the LUMO energy and optical bandgap.

Figure 2. Optical absorption in dichloromethane solution 1.0×10� 5 molL� 1

(solid lines) and emission spectra at 10 wt% in PMMA (dashed lines) of the
Cu(I) complexes. Emission spectra were obtained with excitation at
maximum absorption of the lower energy band.

Figure 3. Temperature dependence of the emission decay time of C1-C3
powder and fit according to Eq. (1).
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emitting state. In this case, the S1 (or the
1MLCT) that carries a

high radiative rate being thermally populated by a lower energy
state, the T1 (or the 3MLCT), hence demonstrating the
occurrence of TADF. Due to this thermal equilibrium between
the S1 and T1, the emission lifetime decay can be expressed by a
Boltzmann-type equation:[7–10,26,27]

tðTÞ ¼
3þ exp � DEST

kBT

� �

3
tT1
þ

1
tS1
� exp � DES1 � T1

kBT

� � (1)

wherein kB denotes the Boltzmann constant. τ(T1) and τ(S1)
represent the phosphorescence (Phos) and prompt fluorescence
(PF) decay times without thermal activation. ΔE(S1� T1) is the
energy separation between these two states.

Fitting of Eq. 1 to the experimental data of emission decay
time of compound C1 (Figure 3, blue line in the lifetime decay
profiles) led to a good fitting of the data and allows the
determination of the individual emission decays and energy
gap between the S1 and T1 states. An energy separation of
ΔE(S1� T1)=781 cm

� 1 and lifetimes of τ(S1)=374 ns and τ(T1)=
313 μs was obtained. The obtained τ(S1)=374 ns for PF is
related here to probability of the S1!S0 transition, as the ISC is
faster than nanoseconds frame and effectively quenches the PF.
Using the obtained Phos rate of k(T1)= (313 μs)

� 1, the TADF rate
can be determined[7,9] by kTADF ¼ kcombined � kT1, where k-
(combined)=τ� 1 (298 K)= (28.87 μs)� 1. The TADF-only decay
time amounts to about 32 μs. With the additional decay
channel via the triplet state the overall decay time by ~39%.[25]

Figure 4a summarizes the relevant emission processes for C1 in
a simplified Jablonski diagram.

Analogous studies were performed for C2 and C3 and the
same temperature dependence in emission characteristic of a

Table 3. Summary of photophysical properties at 298 and 77 K of the Cu(I)
complexes in powder.

C1 C2 C3

298 K λem [nm] 537 573 617
τ [μs] 28.87 24.28 12.10
Φ [%] 11.8 17.7 4.6
kr
[a] [s� 1] 4.09×103 7.29×103 3.80×103

knr
[b] [s� 1] 3.05×104 3.39×104 7.88×104

77 K λem [nm] 557 587 647
τ [μs] 317.46 371.74 101.01
Φ [%] 82.0 23.0 3.2
kr
[a] [s� 1] 2.58×103 6.19×102 3.17×102

knr
[b] [s� 1] 5.67×102 2.07×103 9.58×103

kS1
[c] [s� 1] 2.68×106 5.92×106 2.34×106

kT1
[c] [s� 1] 3.19×103 2.69×103 9.65×103

ΔEST
[c] [cm� 1] 781 844 495

kTADF
[d] [s� 1] 3.14×104 3.85×104 7.30×104

[a] kr ¼
F

t
; [b] knr ¼

ð1� FÞ

t
; [c] Values were obtained by the fit to the

equation (1); [d] kTADF ¼
1

t 298 Kð Þ
� kT1.

Figure 4. (a) Fractional emission intensities (simulation results) stemming from TADF and direct Phos as a function of temperature, respectively, calculated on
the basis of the experimental data from Figure 3.[25] The points characterize the properties of compounds at room temperature. (b) Schematic energy level
diagram with state-related decay rates (times) of C1–C3 in powder.
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TADF mechanism was observed. The energy separation of
ΔE(S1� T1) obtained for C2 and C3 was 844 and 495 cm� 1,
respectively. This distinct ΔE(S1� T1) can be explained by the
spatial separation between HOMO and LUMO, as discussed
below. The radiative rates of triplet T1 states vary from 3.19×103

(C1) to 2.69×103 (C2) to 9.65×103 (C3). It suggests that the SOC
efficiency decreases for C2 and increases for C3, which is
confirmed by the calculated SOC matrix elements (see below).
Interestingly, for the complex C3, even with a higher kT1 the
quantum yield decreases at low temperature for this complex. It
is attributed to the lower triplet energy, which should increase
the overlap of the triplet and ground-state potential energy
surfaces and thus enhance the non-radiative decay at low
temperatures. In contrast, at room temperature, the TADF
pathway competes and thus increases the quantum yield. The
obtained k(S1) was higher for C2 and lower for C3 compared to
C1, in agreement with the high molar absorptivity observed in
the UV-Vis data, indicating a higher oscillator strength for the
S1!S0 transition in the order C2>C1>C3. Finally, the kTADF
slightly increases from C1 to C2 and increases by a factor of
~2.4 for C3. For C2, this is mostly attributed to the higher
oscillator strength for the S1!S0 transition, despite the ΔE-
(S1� T1) increase for this complex. On other hand, for C3 the
changes occur due to the lower ΔE(S1� T1), which significantly
favors the TADF decay pathway. For both C2 and C3, the TADF
pathway contribution is higher than for C1. The additional
decay channel via the triplet state to the overall decay time
contributes by ~8% for C2 and ~12% for C3.

Theoretical Modeling of the Electronic Structure and
Photophysical Interpretations

DFT calculations were carried out at the PBE0/def2-TZVP(-f)
level of theory to support our experimental results. The ground
state geometries (Figure S8) were obtained, and for C1 and C3,
the predicted geometries were in good agreement with the X-
ray structure, where the maximum average errors found for
bond lengths and bond angles were 1%, and 3%, respectively.

For these complexes, the HOMO has significant contribu-
tions from 3d orbitals centered in the copper(I) atom, as well as
from the coordinated phosphorus atoms, where the complexes

containing the aminophosphines have a greater contribution of
phosphorus and nitrogen orbitals of the aminophosphine. On
the other hand, the LUMO is mainly distributed over the
diamine (Figure 5). Thus, the lower energy excited states are
expected to be MLCT-like. In fact, TD-DFT calculations showed
that the low-lying S1 and T1 states are more than 88% HOMO!
LUMO transitions in S1 and mixed HOMO!LUMO and HOMO!
LUMO-1 (both MLCT) for T1 (Table S5–S6), being assigned as
1MLCT and 3MLCT, respectively.

The HOMO orbital centered at copper-aminophosphine
moiety maximize the HOMO and LUMO overlap for C2, while it
is minimized for C3 by decreasing or increasing the spatial
separation of these orbitals, respectively (Figure S9). The HOMO
and LUMO overlap directly impacts the ΔE(S1� T1),

[24] as observed
from the spectroscopic studies, and agrees well with the
calculated ΔE(S1� T1) using the vertical energy difference for
such states (Table 4). The computed energy separation shows
higher values than the experimental ones due to a known issue
in DFT for such charge transfer states.[28] The spatial separation
of HOMO and LUMO also impacts the oscillator strength f of the
S0!S1 transition (

1MLCT) for complexes with aminophosphine
ligands. The calculated f follows the same trend observed at the
UV-Vis experiments for the MLCT transition and the comparison
between the calculated and experimental absorption spectra is
shown in Figure S10.

The SOC matrix elements between the first 10 singlet and
triplet states were calculated to evaluate their influences on the
Phos and the TADF decay pathways for C1-C3 on top of S0
geometries.[29] The SOC matrix elements, between the first four
singlets and the first three triplet states, which should have an
appreciable contribution to the Phos and the TADF mechanism
in these complexes, are shown in Table 4. As one can see, the
SOC between S1 and T1, both mainly involving the MLCT
transitions with the same d orbital, decrease for complexes with
the aminophosphines, which is related to the very similar
configuration for both singlet and triplet states. Also, as the
SOC matrix elements have a distance dependence, it was
observed that the aminophosphine ligands have a HOMO more
spread through the phosphine and less present over the copper
atom. Because of the close similarity in both energy and size of
these the atomic orbitals of P and Cu, such results were
expected. Also, the fact that the copper atom contributes

Figure 5. Frontier molecular orbitals of complexes C1–C3 calculated using PBE0/def2-TZVP(-f). The LUMO is shown as the isosurface with transparency.
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strongly to the molecular orbital, and that it has a larger SOC
constant, makes the SOC matrix elements increase. However, as
mentioned, the TADF pathway relies both in the energy gap
between the S1 and T1 states and the oscillator strength of the
S0!S1 transition, and even with small SOC matrix elements
between the S1 and T1 states for C2 and C3, these complexes
showed a faster TADF decay pathway. By adding these SOC
matrix elements, one can more accurately reflect the phosphor-
escence decay pathway.[26] In Table 4, the sum of SOC matrix
elements for these complexes follows the order C3>C1>C2,
which is the same order of the triplet radiative constant
obtained experimentally. However, the non-radiative pathway
from the triplet state also increases for C2 and C3 as the triplet
energy decreases for these complexes (Table 4).

It is possible to conclude that even structurally similar, the
aminophosphine ligands significantly change the photophysical
properties, for complexes C2 and C3. For these complexes, the
introduction of aminophosphine ligands resulted in a faster
TADF decay pathway, mainly due to the degree of the HOMO
and LUMO overlap. For C2 the Phos decay pathway was slower
than C1 but compensated by the higher contribution of the
faster TADF to the overall decay. For C3, the combined lower
ΔE(S1� T1), and high SOC suited to enhance both the TADF and
phosphorescence decay pathways resulted in an even faster
overall decay. For both complexes with aminophosphines, the
non-radiative pathway was also enhanced thus impacting the
emission quantum yield, especially for C3. Besides, the amino-
phosphines ligands showed significant decrease of the overall
lifetime, which can be explored further in more efficient
materials.

Conclusion

We have systematically investigated the electronic and struc-
tural properties of three luminescent [Cu(NN)(PP)]+ complexes
by using three different phosphine ligands. The aminophos-
phines increased the thermal stability of C2 and C3, while the
oxidation potential is slightly shifted. All compounds exhibited
combined TADF and phosphorescence decays as determined
by time-resolved and temperature-dependent emission spectro-
scopy. The complexes containing aminophosphines ligands
showed a reduction of the overall lifetime, as a result of a
higher contribution of the TADF decay pathway. This was
achieved by decreasing the ΔE(S1� T1) energy gap for C3 and by
the increasing the oscillator strength of the S1!S0 transition in
C2. C3 also showed a faster phosphorescence decay pathway
due to the higher SOC between the low-lying states as
computed by SOC-TD-DFT. Although the non-radiative pathway
was enhanced in these complexes, the higher radiative pathway
and the shorter lifetime could be highly advantageous for
application in OLED as emitter. These results contribute to a
deeper insight into modulating photophysical properties by
ligands, leading to more efficient devices based on copper(I)
complexes.

Experimental section

General procedures

All starting materials were purchased from commercial suppliers
and were used without further purification, while solvents were
dried with Na/NaH and storage over drying agents. Thin layer
chromatography (TLC) was carried out on silica gel. The measure-
ments of carbon, hydrogen and nitrogen percentages for synthe-
sized complexes were performed on a C, H, N – Perkin-Elmer 2400
elemental analyzer. The spectra in the infrared region were
obtained in a Perkin Elmer Spectrum 100 spectrophotometer, in the
region of 4000 to 450 cm� 1. The method of attenuated total
reflectance (ATR) was used to analyze all samples.

The X-ray diffraction analysis was performed on a Bruker APEX II
DUO diffractometer using radiation generated by a molybdenum
tube (MoKα λ=0.71073 Å) and graphite monochromator. During
the analysis the sample was sustained at 200 K. The crystalline
structure was solved by direct methods and refined by the least
squares method with complete matrix, using the programs SIR97[30]

and SHELXL-97,[31] respectively. The graphical representations of the
molecular structures were generated using the program PLATON.[32]

Selected crystallographic data are presented in SI file and full
crystallographic tables (including structure factors) have been
deposited.

Synthesis and characterization

1,4-bis(diphenylphosphino)piperazine (PNNP) N,N,N‘,N‘-tetrameth-
ylethylenediamine (1.5 mL, 10.0 mmol) was added dropwise to a
two-necked flask filled with argon and charged with 4,2 mL of a
2.64 N solution of butyllithium (10.0 mmol) at room temperature. A
solution of 0,43 g (5 mmol) of piperazine in 5 ml of dry tetrahy-
drofuran was slowly added. The mixture was stirred for 6 h. A
solution of 1.8 mL (10.0 mmol) of chlorodiphenylphosphine in 5 ml
of ethyl ether was added dropwise to the reaction mixture. The

Table 4. Data of SOC-TD-DFT (in cm� 1) and vertical energy difference for
C1–C3.

C1 C2 C3

hT1jHSOjS0i
[a] 36.79 16.04 21.90

hT1jHSOjS1i
[a] 27.65 12.43 18.30

hT1jHSOjS2i
[a] 6.32 3.22 6.84

hT1jHSOjS3i
[a] 119.62 102.84 157.40

hT1jHSOjS4i
[a] 128.53 13.33 151.83

hT2jHSOjS0i
[a] 12.33 11.52 15.84

hT2jHSOjS1i
[a] 21.16 10.61 20.84

hT2jHSOjS2i
[a] 13.55 4.48 10.16

hT2jHSOjS3i
[a] 34.32 10.70 20.08

hT2jHSOjS4i
[a] 87.76 82.85 41.72

hT3jHSOjS0i
[a] 74.12 62.86 78.47

hT3jHSOjS1i
[a] 99.61 89.05 131.61

hT3jHSOjS2i
[a] 19.80 8.97 17.79

hT3jHSOjS3i
[a] 7.63 2.27 5.84

hT3jHSOjS4i
[a] 54.22 2.46 123.45

Σ hTjjĤSOjSii 684.53 352.82 899.95

S1
[b] [eV] 2.79 2.40 2.68

T1
[b] [eV] 2.42 1.96 2.27

ΔE(S1� T1)
[b] [eV] 0.37 0.44 0.41

S1
[c] [eV] 2.71 2.58 2.48

T1
[c] [eV] 2.63 2.45 2.42

ΔE(S1� T1)
[d] [eV] 0.10 0.11 0.06

[a] p h(Si jHSO jTj (MS=0,�1))
2i in the S0 geometry;

[b] Vertical energy difference
from SOC-TD-DFT; [c] Experimental data obtained from the onset of the
emission spectra at room temperature and 77 K; [d] ΔE(S1� T1) obtained
from the Boltzmann-type fitting.
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mixture was stirred for 16 h at 25 °C, 10 ml of distilled water and
10 ml of dichloromethane were added, the organic phase was
separated, dried over sodium sulfate, and the solvent was removed
under reduced pressure. The residue was dissolved in 10 mL, the
solution was cooled to 10 °C and colorless precipitate was obtained.
Yield 32%, mp 133–135; 1H NMR (200 MHz, CDCl3): δ (ppm) 7.36 (m,
20H), 2.88 (m, 8H); 31P NMR (200 MHz, CDCl3): δ (ppm) 62.96 (s).

N1,N2-bis(diphenylphosphino)-N1,N2-dimethylethane-1,2-dia-
mine (Me-PNNP) The ligand was prepared using the similar
procedure described for PNNP. Yield 22%, mp 114–116; 1H NMR
(200 MHz, CDCl3): δ (ppm): 7.35 (m, 20H), 3.21–3.16 (dd, J=3.85 e
6.48 Hz, 4H), 2.51–2.48 (d, J=5.81 Hz, 6H); 31P NMR (200 MHz,
CDCl3): δ (ppm) 65.38 (s).

[Cu(Phen)(POP)]BF4 (C1). The synthesis of the cationic complexes
was performed by dissolving 105 mg of POP (0.2 mmol) in dry
dichloromethane (20 mL) under argon. Tetrakis(acetonitrile)
copper(I) tetrafluoroborate (63 mg, 0.2 mmol) was added to this
solution, and the reaction mixture was refluxed for 30 min. Then
Phen (40 mg, 0.2 mmol) was added. The mixture was refluxed for
another half hour. Possible residues were filtered off and the
solvent was removed under vacuum evaporation. The crude
product was further purified by recrystallization from the mixed
solvent of dichloromethane/ethanol (50 :50). Yield: 87%; IR (cm� 1): ν
(C� Har) 3058, ν (C=N e C=C) 1433, ν (C� O) 1210, ν (B� F) 1041; δ
(C� Har) 846–693; C52.5H45BClCuF4N2O2P2: calcd. C 64.52, H 4.77, N
2.95; found C 64.76, H 4.64, N 2.89.

[Cu(Phen)(PNNP)]BF4 (C2). C2 was synthesized by a method similar
to that of C1, except that POP was replaced by PNNP. Yield: 82%; IR
(cm� 1): ν (C� Har) 3051, ν (C� Hal) 2910, ν (C=N e C=C) 1482–1256, ν
(B� F) 1080; δ (C� Har) 957–621; C40H36BCuF4N4P2: calcd. C 61.20, H
4.62, N 7.14; found C 61.50, H 4.74, N 6.89.

[Cu(Phen)(Me-PNNP)]BF4 (C3). C3 was synthesized by a method
similar to that of C1, except that POP was replaced by Me-PNNP.
Yield: 66%; IR (cm� 1): ν (C� Har) 3045, ν (C� Hal) 2911–2808, ν (C=N e
C=C) 1482–1142; ν (B� F) 1044; δ (C� Har) 1436–642; C40H38BCuF4N4P2:
calcd. C 61.04, H 4.87, N 7.12; found C 61.40, H 4.80, N 7.15.

Thermogravimetric Analysis and Cyclic Voltammetry Studies

The thermogravimetric analysis was performed using a Shimadzu,
model TGA-50. For each experiment, approximately 2 mg of sample
were weighed in a platinum crucible, with a nitrogen flow of
100 mLmin� 1 and a heating ramp of 10 °Cmin� 1 in a temperature
range of 30–900 °C.

The redox behavior of the complexes was investigated by square
wave voltammetry in a potentiostat-galvanostat BAS (Bioanalytical
Systems, Inc.) model Epsilon. A concentration of 2×10� 5 molL� 1 in
dichloromethane solution was used under nitrogen atmosphere.
Tetrabutylammonium hexafluorophosphate (0.1 molL� 1) was used
as support electrolyte and the electrochemical cell was composed
of three electrodes: work – gold; auxiliary – platinum wire; reference
– Ag/Ag+. For correction of the reference electrode the ferrocene
(E1/2 vs NHE=398 mV) was used.

Spectroscopic Measurements

The electronic spectra in the ultraviolet, visible and near infrared
regions were obtained for all the complexes in the range of 250–
800 nm in a Perkin-Elmer spectrophotometer model Lambda-750.
The values of ɛ are given in Lmol� 1 cm� 1. Absolute quantum yields
(Φ) at ambient temperature and at 77 K were carried out with a
Hamamatsu Photonics Absolute Quantum Yield Measurement

System model c9920-02G which is based on the integrating sphere
method.

The time-resolved emission spectra were obtained by use of a
Horiba FL3-22-iHR320 spectrofluorometer by the Time-Correlated
Single Photon Count (TCSPC) technique. For excitation, a flash
150 W xenon lamp was used. The detection system consists of a
monochromator and a multi-channel base photomultiplier (Hama-
matsu R3809 U-50). The temperature-dependent luminescence
spectra were recorded in a spectrofluorometer with the sample in a
chamber of a cryostat (Linkam THMS600) operating in different
temperatures, with a thermal stabilization of 15 min between
measurements. The emission decay curves were fitted using
exponential functions using a FAST software (provided by Edin-
burg). Fitting quality was evaluated by χ2 error and to the residual
distribution.

Theoretical methods

Geometry optimizations of complexes C1-C3 were performed in a
vacuum at the density functional theory (DFT) level using the
PBE0[33,34] and Def2-TZVP(-f)[35,36] basis set. Grimme’s dispersion
correction with damping D3BJ[37,38] and the resolution of identity
approximation for the Coulomb part, with the corresponding
auxiliary basis, were also included. To verify that ground state is
minima on the potential energy surface, analytical harmonic
vibrational frequency calculations were conducted. Time-depend-
ent density functional theory (TD-DFT)[39] was employed to obtain
the first 50 singlet excited states, including the solvent correction
using a continuous polarizability model method (CPCM).[40] The SOC
on top of the TD-DFT results were done by using quasi-degenerate
perturbation theory.[29,41] The SOC integrals used here are calculated
using a mean-field approach named as RI-SOMF(1X) described
elsewhere.[42] Furthermore, all the calculations were performed
using Orca 4.1.2[43] and the geometric representations of the
complexes were obtained using the Chemcraft program.[44]

Deposition Number 2083919 (for C3) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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We investigated three copper(I)
complexes, two with aminophosphine
ligands. These aminophosphine
ligands are able to speed up the TADF
pathway in copper complexes, one by
decreasing the energy gap between

S1 and T1 states and the other by in-
creasing the allowedness of the
singlet pathway. The presented table
of context shows one of these
complexes and indicates their faster
TADF.
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