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Abstract: We herein report a theoretical analysis using density functional theory 

(DFT) and time-dependent DFT (TDDFT) to study the electronic structures and 

photophysical properties of mixed-ligand Cu(Ι) complexes. The evaluation of the 

non-radiative and radiative decay rate constants (knr and kr) is presented. It is found 

that large SOC matrix elements are not necessarily result in the large kr. Introducing 

POP (bis[2-(diphenylphosphino)phenyl]ether) ligand compared with a pair of PPh3 

(triphenylphosphine) ligands, the ether linkage plays an important role in governing 

the quantum efficiency of the studied complexes. However, the balance between hole 

injection and electron acceptance, which leading to the quantum yield of 

[Cu(dmp)(POP)]+ further towards [Cu(dbp)(POP)]+, is another important factor in 

tuning the quantum efficiency. A thorough understanding of the effect of the 
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coordinating ligand on the photophysical behavior of a transition metal complex is 

desirable for rational syntheses of highly phosphorescent materials. 

1. Introduction 

Phosphorescent organic light emitting diodes (OLEDs) possess advantages over 

fluorescent ones because strong SOC interactions to effect facile intersystem crossing 

(ISC) and fast kr, which can weaken the spin-forbiddenness of the electronic 

transitions between T1 and S0 [1]. However, most known efficient phosphorescent 

emitters are containing Ir(III), Pt(II) or other rare earth metals, which are highly costs 

and environmental concerns result in inherent limitations [2-4]. From economical 

viewpoint, developing of phosphorescent complexes containing non-precious metals 

is desired in terms of cost effectiveness and a stable supply of phosphorescent guest 

molecules. An attractive alternative is emerging, Cu(I) complexes present the same 

photophysical characteristics compare to Ru(II) metal complexes [5-7], consist of 

non-toxic, inexpensive, and environmentally safe. 

Thanks to McMillin and co-workers [8-12], which have accomplished much of the 

pioneering work with Cu(I) compounds. One of the pivotal works in solution is well 

established [13], their photoluminescence quantum yield in methylene chloride has 

been greatly improved, up to 0.16, by using an ether bridged phosphine ligand and a 

phenanthroline ligand with bulky substituents. The structure-property relationship are 

observed from the X-ray diffraction and the prediction of stokes shift in experimental 

[14]. Theoretical investigation becomes indispensable to obtain the excited state 

structure and the origin of the emission, which are still ambiguous. The aim of the 
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present work is to provide an in-depth understanding of the optical and electronic 

properties of these complexes, and to provide some useful information for the 

experimentalist. 

2. Computation methods  

Geometric and electronic structures of the considered complexes, as well as their 

cationic and anionic structures, were fully optimized by DFT using the B3LYP hybrid 

functional combined with the 6-31G(d) basis set except Cu. The quasi-relativistic 

pseudopotentials of Cu proposed by Hay and Wadt with 19 valence electrons were 

employed, and a “double-ξ” quality basis set LANL2DZ was adopted as the basis set 

[15-17]. The lowest singlet (S1) and triplet excited geometries were computed by 

TDDFT and DFT with the B3LYP and unrestricted B3LYP (UB3LYP), respectively. 

Full geometry optimizations without symmetry constraints were carried out in the gas 

phase for the singlet ground state, the lowest singlet and triplet excited states. 

Following these states optimization, the vibrational frequencies were calculated and 

the results showed that all optimized structures are stable geometric structures. The 

absorption and emission wavelengths of these complexes were systematically 

investigated by employing TDDFT method. The influence of solvent DCM on the 

absorption and emission spectra of these complexes was simulated by using the 

Polarizable Continuum Model (PCM). All of calculations of these studied complexes 

in this work have been performed with Gaussian 09 program package [18]. 

3. Results and Discussion 

3.1. Geometry Optimization 
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The sketch maps of the studied complexes are depicted in Fig. 1, and the optimized 

S0 and T1 structures of these complexes are plotted in Fig. 2. The selected important 

bond lengths and angles, and dihedral angle (DHA) between the planes N-Cu-N and 

P-Cu-P of these complexes in both the S0 and T1 states are listed in Table 1, associated 

with data from the X-ray structure. The results show that the adopted basis set and 

functional can reflect the change trend of the optical and electronic properties. 

The calculated bond lengths of S0 are longer than the data from experimental X-ray 

structures [12, 13], the reason is the calculations are carried out in isolated gas phase 

lacking of crystal packing forces. From the present S0 and T1 states analysis, most 

Cu-P and Cu-N distances of [Cu(NN)(POP)]+ are shorter than those of 

[Cu(NN)(PPh3)2]+. It is means that the POP ligand is in closer proximity to the center 

metal than the PPh3 ligand due to the ether linkage. The strengthened metal-ligand 

interaction will increase the probability of charge transfer from metal to the ligand. 

Another potentially important consequence of the ether linkage is that the P-Cu-P 

angle of S0 state decreases from 124.73-125.93° in the system PPh3 to 113.92-117.97° 

in system POP. It suppresses the formation of five-coordinate of the [Cu(NN)(POP)]+ 

complexes (see Fig. 2), which is important to improve thermal stability. Moreover, it 

is usually known that the closer the structures between S1 and T1 states, the faster the 

corresponding ISC rate will be. The system POP has smaller bond length changes 

between S1 and T1 states than that of system PPh3 due to the ether linkage keeping 

stronger rigidity structure. It is an efficient way that introduction of POP ligand 

primarily influences the photophysical properties via the ether linkage which 
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strengthen the metal-ligand interaction to improve the thermal stability, and 

consequently to enhance the phosphorescent quantum efficiency. Furthermore, the 

thermal vibrational energy of T1 state is obtained to further investigate the 

intramolecular interactions, which are 470.2, 506.9 and 618.4, and 481.6, 516.6 and 

629.6 kcal mol-1 for the POP and a pair of PPh3 ligands in phen, dmp and dbp, 

respectively. The results in system POP are all lower about 10 kcal mol-1 than that of 

system PPh3. The ether linkage indeed reduces the vibrational effects involving in 

POP ligand modes. Thus, the strengthened metal-ligand interaction via the ether 

linkage is a critical factor to increase the metal-to-ligand charge transfer (MLCT) 

character, which may be the origin of the high efficiency of these [Cu(NN)(POP)]+ 

complexes. 

For system POP, the geometry changes between S0 and T1 states in phen, dmp and 

dbp are gradually reduced as the substituents on the NN moiety become longer (the 

average change of the important bond length and angle, which are listed in Table 1, 

for phen, dmp and dbp are 0.1329, 0.1279 and 0.0086 Å, and 16.56, 7.26 and 0.69°, 

respectively), especially the unbond Cu…O distance and the DHA (the unbond 

Cu…O distance and the DHA for phen, dmp and dbp are 0.2037, 0.0968 and 0.0177 

Å, and 28.41, 12.22 and 0.49°, respectively). The bulky substituents can sterically 

inhibit structural distortion from S0 to T1 state, which may narrow stokes shift, and 

therefore depress non-radiative decay. 

In addition, the Cu-P bond lengths are lengthened, but Cu-N are shortened from S0 

to T1 state in these complexes. It means that the electronic cloud distribution of 
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HOMO will be localized on a pair of PPh3 or the POP ligands, the LUMO will be 

localized on NN moiety. The ligand-to-ligand charge transfer (LLCT) must be 

participated in the transition obviously. It will be proved by the following section 

immediately. 

3.2. Frontier Molecular Orbitals 

The HOMO and LUMO energies, the HOMO-LUMO gaps (∆H-L), and the lowest 

singlet excited energies (ES1) of these complexes are listed in Table 2. The HOMO 

and LUMO values in system POP are all higher than each of system PPh3, but LUMO 

values remain below -4.0 eV. It indicates that the hole injection ability are enhanced 

by the ether linkage, while the electron injection barrier is still lower (variation is not 

more than 0.06 eV). The ∆H-L obtained by DFT is larger than the ES1 values from 

TDDFT calculations [19]. It could be ascribed to the neglect of interelectronic 

interaction upon the single one-electron excitation in estimating ∆H-L. Although there 

are discrepancies between the computed ΔH-L and ES1, the variation trend in system 

PPh3 and POP is similar. The energy gaps for ΔH-L and ES1 in system PPh3 and POP 

increase in the order of phen, dmp and dbp. We predict that the emission spectra in 

system PPh3 and POP are expected to be gradually blue-shifted with the order. 

The maps of the frontier orbitals of these complexes by GaussView are plotted in 

Fig. 3. It is noted that the electronic cloud distribution of HOMO in these complexes 

are mainly localized on 3d of Cu (>32%, see Table S1), and the POP or a pair of PPh3 

ligands, while the LUMO are largely localized on the NN moiety. The more detailed 

contributions for Cu atom of these complexes at S0 state in solvent DCM were shown 
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in Table S2. The HOMO mainly possesses Cu d-orbital character, which is arising 

from dxy and dx2-y2 orbital in system PPh3 and POP for phen and dmp, respectively. 

However, the Cu d-orbital character in HOMO is predominantly contributed by dyz 

and dxz orbital for [Cu(dbp)(PPh3)2]+, dz2 orbital for [Cu(dbp)(POP)]+, respectively. 

The contribution of Cu atom to HOMO increases by the ether linkage and the volume 

of substituents on R increasing. The electronic absorption transitions of these 

complexes primarily arise from the mixing of MLCT and LLCT. 

3.3. Absorption Spectra in DCM Solvent 

Simulated absorption spectra (Fig. 4) of these complexes in DCM solvent show that 

systems PPh3 and POP have similar shape of absorption curves. The lowest S0→S1 

has the largest oscillator strengths in these complexes, which mainly promote an 

electron from HOMO to LUMO (Table 3). The oscillator strengths of the absorption 

maximum in system POP are all higher than that in system PPh3. 

The maximum absorption spectra and the experimental in system POP for phen, 

dmp and dbp are 403.8, 393.8 and 383.8 nm, and 391, 383 and 378 nm, respectively 

[13]. It is consistent with the experimental values, and the values of both calculated 

and experimental have the same sequence in blue-shifted. However, the absorption 

spectra in system PPh3 [13], which is in accord with the experiments are assigned to 

the S0→S4 and S0→S3 electronic transition, mainly come from the excitations of 

HOMO-1 to LUMO for phen, and dmp and dbp, respectively. All these transitions are 

attributed to MLCT and LLCT character [d(Cu) + π(PPh3/POP ligand) → π*(NN 

moiety)] (Table S2). The results confirm that the prediction from section 3.1. 
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3.4. Phosphorescence 

The emission spectra peaks in DCM media (Table 4) and in gas-phase (Table S3) 

are red shift with respect to the experimental data by 43.1-72.2 and 47.1-154.4 nm, 

respectively [13]. The solvent impact on phen is the greatest due to without the 

substitute on R. Although they deviate away from the experimental values, the 

TDDFT/DFT method correctly reflects the change trend of the optical and electronic 

properties. Table 4 shows that all the calculated emissions originate mainly from 

HOMO or HOMO-1 to LUMO (>46%), which is mainly composed by mixed 

MLCT/LLCT (Table S4). 

Furthermore, the 0-0 and T1-S0 vertical transition energies of these complexes are 

obtained on the basis of the present DFT results without the solvent effect. The 0-0 

transition takes into account the zero-point energies (zpe) of both the optimized S0 

and T1 states geometries. The T1-S0 vertical transition energies is the difference 

between the T1 and S0 states at the T1 optimized geometries, as shown in Fig. 6. In 

general, the 0-0 transition energies are higher than the experimental data, whereas the 

T1-S0 vertical transition energies are in well agreement with the experimental data 

(Table 5). In addition, compared with our studied complexes, the [Cu(dbp)(POP)]+ 

has the smallest stokes shift to research the phosphorescence spectrum. 

3.5. The Phosphorescence Quantum yields of System POP 

The Φp can be expressed as Eq. (1): 

r
p

r nr

k
k k

φ =
+

 (1) 
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The knr from the Tm to the S0 states is usually expressed in the form of the energy 

law Eq. (2) [20], and the kr is given by Eq. (3) [21, 22]: 

[ ]{ }0 0(T S ) exp (T ) (S )nr m mk E Eβ→ ∝ − −  (2) 

2
1/23 3 m nm n

m 0
n m n

ˆT S(T )(T S )
1.5 (S ) (T ) (S )

SOC

r
n

HE fk
E E E

η
   → = ×  −    
∑  (3) 

2

2 2 3
0

1 1
4 2SOC i i

i e

ZeH l s
m c rπe

=∑  (4) 

where m n
ˆT SSOCH  present the SOC matrix elements in Tm→Sn transition, η, 

E(Tm), E(Sn), and fn are the refractive index of the medium (the refractive index η of 

DCM solution is taken to be 1.424), the energy of the mth triplet and nth singlet states, 

and oscillator strength, respectively. 

In other words, the excited-state wavefunction (1,3Ψ) obtained by TDDFT is 

expressed as a linear combination of one-electron excitation configurations (1,3ψi) 

from an occupied molecular orbital to an unoccupied molecular orbital (eg. From 

HOMO to LUMO): 

1,31,3 ψi i
i

aΨ =∑  (5) 

where ai is the coefficient of the configuration 1,3ψi to the excited-state wavefunction 

1,3Ψ.  

The molecular orbitals (ψi) can be expanded using natural atomic orbitals (χk): 

ψi ki k
k

c c=∑  (6) 

where cki is the coefficient of AO χk to MO ψi. 

The one-electron one-center spin-orbit integral is non-vanishing only when the Tm 

and Sn states involve the same unoccupied π* orbital but different occupied d orbitals. 
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Then the SOC matrix elements m n
ˆT SSOCH  can be written as follows [23]:  

( ) ( )

1 3 13 3 1
m n

3 11 1

ˆˆ ψψ

ˆ* *

SOC i i SOC j j
i j

i ki ki SOC j lj lj
i k j l

H a H a

a c d H a c dπ π

Ψ Ψ =

   =    
   

∑ ∑

∑ ∑ ∑ ∑
 (7) 

In which, the spin-orbit integrals 
13 ˆψψi SOC jH  can be proximately expressed 

as follows [24]: 

113 3 ˆˆ ˆψψ* *i SOC j c ki ljH d ls dζ π π=  (8) 

l̂  and ŝ  are angular momentum operators for orbital and spin, andζc presents the 

one-electron spin-orbit coupling constant of the d orbital, respectively. Theζc value 

for the 3d electron of Cu is equal to 829 cm-1 [21]. And the matrix elements 

1
3 ˆ̂* *ki ljd ls dπ π  are listed in Table S5 [22]. 

Due to the signs of the coefficients of the configuration 1,3ψi to the excited-state 

wavefunction 1,3Ψ (ai) obtained by TDDFT, the m n
ˆT SSOCH  matrix elements can 

be positive or negative according to Equation (7). As being considered in Equations (3) 

and (7), two large SOC matrix elements may be result in small kr results if they are of 

opposite signs and cancel each other out, and the kr is always positive, since it is 

proportional to the square of the SOC matrix elements. 

To reflect more accurately the phosphorescence properties, the SOC matrix 

elements and kr by the Equations (3), (7) and (8) were calculated (listed in Tables 

S6-S11). The kr follow the order: dbp ( (T1→S0) = 7.95×102 s-1) > dmp ( (T1→S0) = 

3.64×102 s-1) > phen ( (T1→S0) = 3.03×102 s-1). 
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From Eq. 2, the knr of an excited state increases as the energy difference between 

the mth triplet excited state and the singlet ground state decreases [23]. The energy 

gap law E(T1-S0) of phen, dmp and dbp are 57.84, 61.62 and 64.04 kcal mol-1, 

respectively. Additionally, the knr decreases with β decreasing (see section 3.1). 

Considering the two factors, the order of knr is phen > dmp > dbp. 

From the above discussion, it can be concluded that the photoluminescent quantum 

efficiency following the order: dbp > dmp > phen. This is consistent with the 

experiments. 

Furthermore, we suggest that the difference in their Φp were due to the stronger 

metal-ligand interaction in system POP compared with that in PPh3. Take one of 

compounds in system PPh3 for example, the kr of [Cu(dmp)(PPh3)2]+ ( (T2→S0) = 

0.23×102 s-1, Tables S12-13) is much smaller than anyone in that of system POP. The 

result confirms our previous conclusion from section 3.1 discussion above. 

3.6. Comparison of Performance in OLEDs 

For OLEDs emissive layer material, low injection energy barrier and transport 

balance of charge carrier are very important issue. The IP and EA are well-defined 

properties that can be calculated by DFT to estimate the energy barrier for the 

injection of both holes and electrons into the complexes. The calculated IPs, EAs, 

both vertical (v; at the geometry of the neutral complex) and adiabatic (a; optimized 

structure for both the neutral and charged complex), and the extraction potentials 

(HEP and EEP for the hole and electron, respectively) that refer to the geometry of the 

ions are listed in Table 6. All the IP(a) and EA(a) values in system POP are lower than 
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that of system PPh3, respectively. It means that the ability of the hole injection is 

dramatically improved by the ether linkage, which demonstrates the prediction in the 

HOMO energies discussion earlier. 

At the microscopic level, the charge transport mechanism in thin film can be 

described as a self-exchange transfer process, in which an electron or hole transfer 

occurs from one charged molecule to an adjacent neutral molecule. The rate of 

intermolecular charge transfer (Ket) can be estimated from Marcus theory [25] given 

in 

exp
4et

b

K A
k T
λ −

=  
 

 (9) 

where A is a prefactor related to the electronic coupling between adjacent molecules, λ 

is the reorganization energy, and kb is the Boltzmann constant, T is the temperature. It 

will be seen that variations in the reorganization energies, which are exponential 

component (Eq. 9), dominate the changes in overall carrier transfer rates as the 

molecular structures are varied. For efficient charge transport, the reorganization 

energy requires to be small. At this stage, our discussion focuses on the reorganization 

energy. 

The λ value is generally determined by fast changes in molecular geometry (the 

inner reorganization energy λi) and by slow variations in solvent polarization of the 

surrounding medium (the external contribution λe). In the case of LEDs (there are 

condensed-state systems), however, the latter contribution is much smaller than the 

former, so that the former becomes the dominant factor. The calculation method of the 
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inner reorganization energy λi for hole and electron transfer is same as our previous 

used one in reference [26] 

The calculated λhole and λelectron are also listed in Table 6. The lower the λ value, the 

higher the charge transport rate. Furthermore, the balance between hole injection and 

electron acceptance is required as emitting-layer materials. The difference between 

the λhole and λelectron for [Cu(dbp)(PPh3)2]+, [Cu(dmp)(POP)]+ and [Cu(dbp)(POP)]+ is 

less than 0.10 eV, implying that they will be better emitter with high quantum 

efficiency than others. The rank of the transport balance of these complexes is 

[Cu(dmp)(POP)]+ (0.03 eV) > [Cu(dbp)(POP)]+ = [Cu(dbp)(PPh3)2]+ (0.08 eV) > 

[Cu(dmp)(PPh3)2]+ (0.12 eV) > [Cu(phen)(POP)]+ (0.24 eV) > [Cu(phen)(PPh3)2]+ 

(0.25 eV). It shows that the bulky substituents on R can improve the transport 

equilibrium property evidently. 

An improved understanding of ligand modification effect on photophysical 

properties is important in the rational search for new metal complexes. The results 

present here demonstrate that kr of [Cu(phen)(POP)]+ (3.03×102 s-1) and 

[Cu(dmp)(POP)]+ (3.64×102 s-1) are relatively small compared with that of 

[Cu(dbp)(POP)]+ (7.95×102 s-1). Meanwhile, the knr gradually gets smaller from 

[Cu(phen)(POP)]+ to [Cu(dmp)(POP)]+ and then to [Cu(dbp)(POP)]+ from qualitative 

comparison. According to the Eq. 1, the quantum yield of [Cu(dmp)(POP)]+ will be 

significantly lower than that of [Cu(dbp)(POP)]+, nearly to that of [Cu(phen)(POP)]+. 

However, it is contrary in experiments ([Cu(phen)(POP)]+ of Φp = 0.0018, 

[Cu(dmp)(POP)]+ of Φp = 0.15, and [Cu(dbp)(POP)]+ of Φp = 0.16). We think the key 
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factor is that the [Cu(dmp)(POP)]+ has better transport balance than two of them, i.e. 

its exciton formation probability is high in OLEDs. It suggests that grafting CH3 and 

(CH2)3CH3 onto R is an efficient way to enhance the quantum yield for OLED 

materials. 

4. Conclusions 

In this study, the geometries, electronic structures, photophysical properties and 

phosphorescence efficiencies of these complexes were investigated by DFT and 

TDDFT methods. According to the geometry optimization analysis, the calculation of 

the thermal vibrational energy of T1 and kr, and the qualitative comparison of knr, it is 

concluded that the ether linkage indeed enhances the coordination interaction between 

Cu and ligands in system POP and reduces the vibrational effects. This may be the 

origin of the POP ligand as a stronger emitter than that a pair of PPh3 ligands. 

However, the comparison of performance in OLEDs suggests that [Cu(dmp)(POP)]+ 

and [Cu(dbp)(POP)]+ are better emitter with high quantum efficiency than others, the 

bulky substituents on R besides sterically inhibiting structural distortion from S0 to T1 

state and narrowing stokes shift thus depressing non-radiative decay, the improvement 

of the transport balance of charge carrier also is a noteworthy reason. It will be both 

interesting and important to consider how ligand effects influence the quantum 

efficiency of this kind of complexes. 
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Fig. 1. Sketch map of the studied structures. 
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Fig. 2. The optimized S0 and T1 structures of these complexes. 
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Fig. 3. Electronic density contours of the frontier orbitals for these complexes.
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Fig. 4. Simulated absorption spectra of these complexes in DCM solution. 
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Table 1. Selected Bond Lengths (Å), Bond Angles (°), and Dihedral Angle (°) at Optimized S0, S1 and T1 Geometries for these Complexes 

 [Cu(phen)(PPh3)2]+ [Cu(dmp)(PPh3)2]+ [Cu(dbp)(PPh3)2]+ [Cu(phen)(POP)]+ [Cu(dmp)(POP)]+ [Cu(dbp)(POP)]+ 

S0 S1 T1 S0 Expt.a S1 T1 S0
 S1 T1 S0 Expt.b S1 T1 S0 Expt.b S1 T1 S0

 Expt.b S1
 T1 

Cu-N1 2.1873 2.0786 2.0245 2.2012 2.105 2.0685 2.1877 2.2129 2.0790 2.2023 2.1765 2.064 2.0650 2.0213 2.2017 2.104 2.1128 2.0764 2.1885 2.109 2.1216 2.1714 

Cu-N2 2.2017 2.0852 2.0250 2.2012 2.129 2.0683 2.1877 2.2019 2.0595 2.1952 2.1759 2.071 2.0772 2.0028 2.1920 2.084 2.0464 2.0006 2.1768 2.097 2.0428 2.1669 

Cu-P1 2.3850 2.5488 2.4751 2.4122 2.305 2.5390 2.4165 2.4272 2.5611 2.4275 2.3702 2.231 2.4966 2.4760 2.4277 2.269 2.5985 2.5455 2.3928 2.271 2.6164 2.3956 

Cu-P2 2.3786 2.4717 2.4759 2.4122 2.282 2.5377 2.4165 2.4173 2.5579 2.4284 2.3747 2.261 2.5095 2.4720 2.4060 2.273 2.4764 2.4829 2.4457 2.279 2.4775 2.4413 

Cu…O 
          3.0266 3.205 3.1518 3.2303 3.1946 3.151 3.3095 3.2914 3.1961 3.257 3.3563 3.2138 

N1-Cu-N2 77.15 82.42 83.30 77.50 80.1 83.65 77.37 77.64 83.84 77.32 77.76 80.83 82.69 83.63 77.81 80.88 83.38 83.71 78.67 80.51 83.51 78.47 

P1-Cu-P2 124.73 106.16 108.31 125.93 122.7 113.28 125.08 125.83 112.56 125.76 115.75 110.81 102.90 105.69 113.92 116.44 103.86 105.57 117.97 112.91 103.64 118.95 

N1-Cu-P1 106.48 97.49 98.60 111.57 111.4 123.72 111.73 110.59 122.61 110.90 113.72 109.09 139.21 136.25 120.30 121.45 123.93 124.10 120.77 121.44 121.55 119.84 

N1-Cu-P2 113.63 138.45 136.46 109.96 109.4 105.31 110.47 110.44 106.99 110.47 119.25 125.75 99.39 99.35 113.80 109.98 112.12 111.11 107.87 105.44 113.62 108.73 

N2-Cu-P1 115.64 137.48 136.36 109.96 106.4 105.29 110.47 108.76 103.82 109.08 113.80 118.37 98.05 100.02 107.75 107.74 99.04 100.08 117.02 121.75 97.61 116.03 

N2-Cu-P2 109.26 101.01 98.75 111.57 119.0 123.80 111.73 113.32 125.52 112.95 110.64 108.11 143.94 137.85 118.47 115.24 136.42 133.64 107.77 105.44 138.17 107.58 

C1-O-C2           121.09 116.91 120.92 119.74 121.86 120.96 122.24 122.08 120.53 121.33 122.42 120.16 

DHA 84.28 56.41 57.84 88.64  74.81 88.95 88.05 74.63 88.20 86.39 88.36 52.46 57.98 82.45 82.33 69.03 70.23 88.89 78.80 69.59 89.38 
a Reference [12], b Reference [13]. 
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Table 2. Negative value of the HOMO (-εHOMO) and LUMO (-εLUMO) Energies, 
HOMO-LUMO Gaps Calculated by DFT, and the Lowest Singlet Excited Energies 
(ES1) Calculated by TDDFT in eV for these Complexes 

 -εHOMO -εLUMO ∆H-L ES1 
[Cu(phen)(PPh3)2]+ 7.99 4.42 3.57 2.97 
[Cu(dmp)(PPh3)2]+ 8.00 4.28 3.72 3.14 
[Cu(dbp)(PPh3)2]+ 7.97 4.19 3.78 3.17 
[Cu(phen)(POP)]+ 7.84 4.38 3.46 2.87 
[Cu(dmp)(POP)]+ 7.84 4.22 3.62 3.02 
[Cu(dbp)(POP)]+ 7.89 4.13 3.76 3.14 

 

Table 3. Absorption Spectra Obtained by TDDFT Method in Solvent DCM for these 
Complexes, Together with Experimental Values 

 Electronic 

transitions 

λabs
max (nm) f Excitation 

energies (eV) 

Main configurations 

[Cu(phen)(PPh3)2]+ S0→S1 390.5 0.0637 3.18 HOMO→LUMO 

HOMO-2→LUMO 

0.68 

0.17 

S0→S4 362.1/370a 0.0125 3.42 HOMO-1→LUMO 

HOMO-2→LUMO 

0.67 

0.14 

[Cu(dmp)(PPh3)2]+ S0→S1 376.7  0.0621 3.29 HOMO→LUMO 0.70 

S0→S3 355.9/365a 0.0101 3.48 HOMO-1→LUMO 

HOMO-2→LUMO 

0.67 

0.19 

[Cu(dbp)(PPh3)2]+ S0→S1 378.6 0.0567 3.28 HOMO→LUMO 

HOMO-2→LUMO 

0.69 

-0.12 

S0→S3 356.3 0.0109 3.48 HOMO-1→LUMO 0.69 

[Cu(phen)(POP)]+ S0→S1 403.8/391a 0.0848 3.07 HOMO→LUMO 

HOMO-2→LUMO 

0.69 

0.14 

[Cu(dmp)(POP)]+ S0→S1 393.8/383a 0.0614 3.15 HOMO→LUMO 0.69 

[Cu(dbp)(POP)]+ S0→S1 383.8/378a 0.0574 3.23 HOMO→LUMO 

HOMO-2→LUMO 

0.68 

-0.17 
a Measured in DCM in reference [13]. 

 

Table 4. Emission Spectra Obtained by TDDFT Method in Solvent DCM for these 
Complexes, Together with Experimental Values 

 Electronic 

transitions 

λem (nm) Excitation 

energies (eV) 

Main configurations 

[Cu(phen)(PPh3)2]+ T1→S0 752.2/680a 1.65 HOMO→LUMO 0.69 

[Cu(dmp)(PPh3)2]+ T1→S0 603.1/560a 2.06 HOMO-1→LUMO 

HOMO→LUMO 

0.56 

-0.40 

[Cu(dbp)(PPh3)2]+ T1→S0 604.5 2.05 HOMO-1→LUMO 0.53 
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HOMO→LUMO -0.42 

[Cu(phen)(POP)]+ T1→S0 746.4/700a 1.66 HOMO→LUMO 0.69 

[Cu(dmp)(POP)]+ T1→S0 623.3/570a 1.99 HOMO→LUMO 0.68 

[Cu(dbp)(POP)]+ T1→S0 607.0/560a 2.04 HOMO-1→LUMO 

HOMO→LUMO 

HOMO-2→LUMO 

0.46 

0.40 

0.26 
a Measured in DCM in reference [13]. 

 

Table 5. 0-0 and Vertical (T1→S0) Transition Energies of these Complexes Obtained 
from DFT, Together with Experimental Values 

 0-0 Evert (eV) Emission maximum (eV) aexp aΦp 

[Cu(phen)(PPh3)2]+ 2.40 1.82 1.82 0.0007 
[Cu(dmp)(PPh3)2]+ 2.63 2.35 2.21 0.0014 
[Cu(dbp)(PPh3)2]+ 2.62 2.35   
[Cu(phen)(POP)]+ 2.47 1.86 1.77 0.0018 
[Cu(dmp)(POP)]+ 2.63 2.21 2.18 0.15 
[Cu(dbp)(POP)]+ 2.61 2.33 2.21 0.16 
a Measured in DCM in reference [13]. 

 

Table 6. IPs, EAs, Extraction Potentials, and Reorganization Energies for Each 
Complex (eV) 

 IP(v) IP(a) HEP EA(v) EA(a) EEP λhole λelectron 
[Cu(phen)(PPh3)2]+ 9.06 8.71 8.34 3.04 3.34 3.51 0.72 0.47 
[Cu(dmp)(PPh3)2]+ 9.05 8.79 8.51 2.95 3.16 3.37 0.54 0.42 
[Cu(dbp)(PPh3)2]+ 9.00 8.76 8.51 2.91 3.12 3.32 0.49 0.41 
[Cu(phen)(POP)]+ 8.92 8.60 8.27 2.99 3.19 3.40 0.65 0.41 
[Cu(dmp)(POP)]+ 8.92 8.66 8.41 2.88 3.15 3.36 0.51 0.48 
[Cu(dbp)(POP)]+ 8.95 8.66 8.38 2.83 3.06 3.32 0.57 0.49 
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