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Abstract

A series of copper(I) complexes bearing 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (dmpp) and a
diphosphine ligand have been prepared. The diphosphine ligands used have two, three or four methylene
carbons between the two phosphorous atoms. The crystallographic study has revealed that two of the three
complexes have the mononuclear structure bearing dmpp and a bidentate diphosphine ligand, and one is a
diphosphine-bridged binuclear complex. The photoluminescence of the complexes in solution was studied
and compared with the previously reported complexes bearing 2,9-dimethyl-1,10- phenanthroline (dmp). It
was found that the two phenyl groups on the phenanthroline ligand have a marked effect on the
photophysical properties of the complexes; the intensity of the emission of the complexes is greatly
enhanced by the phenyl groups. The photophysics of the complexes are discussed with the results of DFT
and TDDFT calculation.
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Introduction

Luminescence of copper(I) complexes have attracted a special interest due to potential applications for
OLED.,' solar cell,>” sensor,** and photochemical reactions.*” A lot of copper(I) emitters have been

proposed in the past decade; they include bis(phenanthroline) type complexes, amidophosphine

10-13 14,15

complexes,®’ binuclear phosphine complexes'® ", carbene complexes'*"* and neutral complexes bearing
modified diimine type ligands.'®'” One of the most intensively studied types of the complexes is the
copper(l) species having a 2,9-disubstituted 1,10-phenanthroline ligand and a diphosphine ligand."® We
previously reported a series of copper complexes (1a, 2a, and 3a shown in scheme 1) bearing dmp (=
2,9-dimethyl-1,10-phenanthlorine) and a diphosphine ligand."> Armaroli et al. reported that a complex
[Cu(dmpp)(DPEphos)]", where dmpp and DPEphos are 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
and 2,2'-Bis(diphenylphosphino)diphenyl ether, respectively, shows high-quantum yield luminescence in
solution.”” Introduction of two phenyl groups into the phenanthroline ligand seems to be effective to
increase the quantum yield of the luminescence of copper(I) complexes. Xu et al. also showed some dmpp
complexes could be used as an efficient emitter in photodetector devises.”'

We found that the emission quantum yields increase with the length of the methylene chain between the
two phosphorus donor atoms. '’ In the series of the complexes, 1a — 3a, the quantum yield of 3a is highest,
and 3a only has the binuclear structure in which the diphosphine ligand, dppb, acts as a bridging ligand.
The unique photophysical properties of 3a as a strong emitter rely on the binuclear structure, and the
mechanism of the emission should be important for developing promising photofunctional materials. In
this study, we prepared a new series of the copper(I) complexes (1b, 2b, and 3b) bearing dmpp and a
diphosphine ligands, dppe (1,2-bis(diphenylphosphino)ethane), dppp (1,3-bis(diphenylphosphino)propane),
or dppb (1,4-bis(diphenylphosphino)butane). The structure and photophysics of the new complexes have
been compared with the previously reported complexes (1a, 2a, and 3a). To our best of knowledge, no

paper has discussed the effect of the phenyl group on 2,9-dimethyl-1,10-phenanthroline systematically. We

examined the effects in detail performing both experimental and theoretical studies for the complexes.

Experimental

The salt, tetrakis(acetonitrile)copper(I) hexaﬂuorophosphate,22 was prepared according to the literature.
All ligands were obtained from commercial suppliers and used without further purification. 'H-NMR
spectra were recorded on a JEOL Delta-500 spectrometer using TMS as an internal standard. Absorption
and emission spectra were obtained in a solvent degassed by at least five freeze-pump-thaw cycles using a
quartz cell fitted with a Teflon vacuum stop cock. Absorption spectra were measured on a Shimadzu
UV-3000 spectrometer and an Agilent 8453 spectrometer. Emission spectra and emission lifetimes were
collected on a laboratory-made apparatus. Briefly, the samples were excited by a monochromated Xenon

light source and the emission was analyzed by a cooled CCD spectrometer. For the lifetime measurement,
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a nitrogen laser was used to excite the samples, and the emission was detected by a monochromator
equipped with a photomultiplier tube, and the signal was analyzed by a digital oscilloscope. Details of the
luminescence measurements were described in the previous paper.” Emission quantum yields in solution

were determined using [Ru(bpy)s]Cl, in acetonitrile solution as a standard (® = 9.4%).**

X-ray crystallography.

X-ray crystallographic measurements of the three complexes were made on a Rigaku Saturn 70 CCD
area detector with graphite-monochromated MoKa radiation. The crystal-to-detector distance was 54.9
mm. The data were collected with maximum 20 value of 55.0°. The data were processed by using the
CrystalClear software.”* Absorption corrections were made by the numerical method. The structures were
solved by direct methods (SIR-2004%*" for 1b and 2b, SIR-92>° for 3b) and refined by the full matrix least
squares procedures (SHELXL-97).* The non-hydrogen atoms are refined with anisotropic temperature
factors and the positions of all hydrogen atoms were calculated using the riding model. All calculations
were performed by using the CrystalStructure or Wingx™* crystallographic software package. For 2b, the
SQUEEZ software”" showed there are 1235 A® void and suggested 192 electrons in the void. Therefore,
two diethyl ether molecules were assumed to be in the void. Using a new data set of the structure factors
calculated by the software, an additional least-squares calculation gave the final result.

Crystallographic data have been deposited with Cambridge Crystallographic Data Centre: Deposition
number CCDC 976959, 976958, and 993068 for 1b, 2b, and 3b, respectively. Copies of the data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail:

deposit@ccdc.cam.ac.uk).

Syntheses of the copper(I) complexes.

[Cu(dmpp)(dppe)]PF¢ (1b- PF¢). The solvents used in the synthesis were degassed by bubbling argon
gas. In a Schrenk tube, tetakis(acetonitrile)copper(I) hexafluorophosphate (0.25 mmol) was added to the
dichloromethane solution (5 mL) containing dppe (0.25 mmol) and dmpp (0.25 mmol). The solution was
stirred for 1 h at room temperature, and then 5 ml of diethyl ether was slowly added to the solution. The
mixture was kept in a refrigerator overnight. Orange precipitates were obtained by filtration (yield, 18%).
The product was stable in air. Anal. Found: C, 63.97; H. 4.24; N, 2.45. Calcd. for
CuCs,HyN,P,-PF¢-0.2(CH,CLy): C, 63.69; H, 4.55, N, 2.85. "H NMR (CDCl;) : § 8.08 (s, 2H, dmpp CH),
7.64-7.56 (m, 12H, dmpp CH, C¢Hs), 7.4-7.2 (m, 20H, dppe CH), 3.10 (m, 4H, CH,), 2.10 (s, 6H, CH;).
Other heteroleptic compounds were prepared in a similar manner.

[Cu(dmpp)(dppp)]PFs (2b: PF¢). Yellow powders (yield, 33%). Anal. Found: C, 64.59; H. 4.66; N,
2.65. Caled. for CuCs3HygN,P,-PFg: C, 64.86; H, 4.72, N, 2.85. "H NMR (CDCl) : 6 8.07 (s, 2H, dmpp
CH), 7.65-7.55 (m, 10H, dmpp CsHs), 7.52 (s, 2H, dmpp. CH), 7.3-7.1 (m, 20H, dppp CH), 2.88 (m, 4H,
CH>), 2.78-2.63 (m, 2H, CH,), 2.20 (s, 6H, CH;).
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[Cuy(dmpp)a(dppb)2](PFe)2 (3b- (PFe),). Yellow powders (yield, 67%). Anal. Found: C, 64.44; H. 4.76;
N, 2.57. Caled. for CuyCsHogN4P4-2(PF4)-0.2(CH,Cl): C, 64.72; H, 4.84, N, 2.79. "H NMR (CDCl;) : §
8.02 (s, 2H, dmpp CH), 7.62-7.54 (m, 10H, dmpp C¢Hs), 7.42 (s, 2H, dmpp CH), 7.3-7.1 (m, 20H, dppb
CH), 2.82 (m br, 4H, CH,), 2.35 (m, 4H, CH,), 2.23 (s, 6H, CHs).

Quantum chemical calculations.

DFT and TDDFT calculations were done using Gaussian 03 and 09 software”® using b3lyp functional.
Basis sets are as follows; Cu, 6-311G with Wachters’s 4p functions,”’ phosphorus and nitrogen 6-31G*+,
carbon 6-31G*, and hydrogen 6-31G. Structure optimization of the singlet ground states have been
performed by DFT calculations. Then, TDDFT calculations of the singlet and triplet excited states were
done using the optimized geometry. Orbital pictures were generated by Molekel software.” Mulliken
population analysis were performed by AOMix software.”” Detailed examination of TDDFT results was

done using Multifwn software.*

Results and Discussion

Synthesis and structures

The preparation of the heteroleptic copper(I) complexes containing diphosphine and diimine ligands is
straightforward and is schematically illustrated in the scheme 1. The complex,
tetrakis(acetonitrile)copper(l) hexafluorophosphate, was used as a starting material, and the heteroleptic
complexes have been obtained as PF¢ salts. The solids are all stable in air and can be stored for long term.
They were identified by CHN elemental analyses, NMR (Fig. S1-S9) and X-ray diffraction studies. It
should be noted that mononuclear complexes are solely obtained using dppe or dppp as the diphosphine
ligands, but the dinuclear complex was only isolated for the dppb complex.

The structures of the new three complexes were analyzed by single crystal X-ray diffraction studies.
The crystal data for 1b, 2b, and 3b are tabulated in Table S1, the structures are shown in Fig. 1, and the
geometrical parameters around the copper atoms are listed in Table 1. The complexes 1b and 2b have a
distorted tetrahedral structure. 3b is a dinuclear complex, in which two dppb ligands bridge the two
copper(l) atoms. Two phosphorous atoms of the dppb ligands and two nitrogen atoms of a dmpp chelate
bind to each copper(I) atom. Coordination geometry around each copper(I) center in 3b is also distorted
tetrahedral. Therefore, the geometries around the copper atoms are similar (N,P, coordination) for the three
complexes. An inversion center lies on the center of the complexes. The bond lengths, Cu-N and Cu-P, are
2.02-2.13 A and 2.23 - 2.29 A, respectively, which are moderate values for a family of copper(I)
complexes bearing diimine and diphosphine ligands.”' The bite angles, N-Cu-N, are similar and in the
range 82-80° for the three complexes, but the angles P-Cu-P are 91°, 105° and 120°, respectively for 1b,
2b, and 3b. We previously showed that the P-Cu-P angle is very important factor for the photophysical
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properties of the complexes.'’ The P-Cu-P angle for the complex 3b, which is smaller than that of 3a
(126°), but it is far larger than the bite angles observed in 1b and 2b. The large bite angles of 3a and 3b are
mainly due to the steric reason; two methylene chains in the dppb ligands are oriented in parallel, and the
interligand CH: - - HC contacts (2.28 A) are near the sum of the van der Waals radius of hydrogen atom
(see Fig. S12). The dihedral angles between the two planes which are defined by three atoms, N1, Cul,
N2 and P1, Cul, P2 in 1b, 2b, and 3b are 85.5°, 87.5°, and 89.0°, respectively. The angles describe the
degree of the flattening distortion, which are 90° in the idealized tetrahedral geometry. The angles are not
so much deviated from that in the dmp complexes, 1a (89.5° and 87.2° for the two independent complex
cations in the unit cell), 2a (86.2° and 83.8°), and 3a (86.5°). The rocking angles, X-Cu-Y, in which X and
Y are the midpoints between the two nitrogen atoms and two phosphorous atoms, respectively, are 4.9°,
4.3°, and 6.2° for 1b, 2b, and 3b, respectively. The values show that the rocking is small in the crystal. The
dihedral angles between the mean plane of phenanthroline ring and the phenyl group on the N1 and N2
side, B and [, are 50-64° in 1b, 2b, and 3b (Table 1), suggesting that the there are no obvious
m-conjugation between the phenanthroline moiety and the phenyl groups; the role of the groups will be

discussed in the later section.
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Scheme 1

We should keep in mind the possibility of the disproportionation reaction of the heteroleptic complexes,
[Cu(P~P)(N~N)]", into [Cu(P*P),]" and [Cu(N*N),]" in solution.”> 'H NMR showed that, in sufficiently
diluted (< 1 mM) CDClI; solution of the heteroleptic complexes, the amount of bis(dmpp)copper(I) ion was
negligible immediately after dissolution of the heteroleptic complexes (Fig. S1, S4, S7). The homoleptic
species made by the disproportionation were detected in the same solution kept in the dark at room

temperature for 4 days (Fig. S2, S5, S8). The ratio of the species made by disproportionation of 3b is much
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smaller than those of 1b and 2b. The disproportionation in higher concentration (> 10 mM) was observed
even immediately after the dissolution of the samples (Fig. S3, S6, S9), probably because the
disproportionation reaction is much faster than that in low concentration; the color of the solution
obviously changed from yellow, which is characteristic of heteroleptic complex, to red, which is
characteristic of bis(dmpp)copper(I) complex, during NMR measurements. However, under the conditions
where spectroscopic measurement has been performed (< 10*M), the reaction seems to be sufficiently
slow to study the properties of the complexes. We also check the absorption around 470 nm, which is
characteristic of bis(diimine)copper(I) complexes, of sufficiently diluted 3b in degassed dichloromethane
at room temperature in the dark, which are the same conditions as those for photophysical measurements,
is negligible 5 hours after dissolving the solid sample (Fig. S10). Therefore, we concluded that the
products of the disproportionation reaction should be negligible if the spectral measurements of the dilute

solution of the heteroleptic complexes were performed as soon as possible after dissolution of the samples.

Photophysical properties

The absorption spectra of the complexes in dichloromethane solution are presented in Fig. 2. The
absorption data are listed in Table 2. The complexes 1b, 2b, and 3b have absorption bands with moderate
intensity (¢ = 4500 — 6200 M em™) at about 400 nm. Very interesting trends are found in the absorption
bands. 1) Gradual blue shifts were observed as the number of carbon atoms increases between the two
phosphine atoms. 2) The absorption energy of the complexes does not largely depend on the diimine
ligands. Small red shifts are observed if the diimine ligands are changed from dmp to dmpp for all three
diphosphine ligands. 3) The absorption intensity of the dmpp complexes is much larger than those of the
corresponding dmp complex; 3200—6200, 3200—5900, and 2800— 5000 M'cm™, respectively for dppe,
dppp, and dppb complexes. The relationship between the bite angles of the diphosphine chelate and the
absorption energies was observed not only in the previously reported dmp complexes'® but also in the
dmpp complexes.

The emission spectra are shown in Fig. 3. Interestingly, the wavelength of the emission maxima of the
three complexes, 1b, 2b, and 3b gradually decrease by 20 nm as the number of methylene chains increases,
the results are in accordance with that of the absorption spectra (Table 2). The quantum yields (@) of 1b,
2b, and 3b in degassed dichloromethane are 1.7%, 6.6%, and 16%, respectively. The value of 3b is
relatively high as that of copper(I) complex observed in solution. The lifetimes (t) of 1b, 2b, and 3b under
the same conditions are 1.2 ps, 4.4 ps, and 10.0 us, respectively. One can see an interesting trend in the
data shown in Table 2 that the quantum yields of the complexes are enhanced if the diimine ligand is
changed from dmp to dmpp for each diphosphine complex, but the lifetimes do not basically depend on the
diimine ligand.

We now compare the luminescent properties of the complexes in terms of the radiative and
non-radiative rate constants. In the following discussion, we use the “observed” rate constants, &, and &,
which are defined as k&, = ® / t and k,, = (1 — @) / 1. It is well known that the emission of many copper(I)

complexes are actually delayed fluorescence emitted from the thermally activated singlet state. The
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observed radiative rate constants represent the weighted average of the rate constants of the two emitting
process, fluorescence and phosphorescence.*

As for the difference in the in the complexes 1b, 2b, and 3b, we already reported a similar trend in the
photophysics of the three complexes 1a, 2a, and 3a; the extension of the methylene chains in the
diphosphine ligands leads to the increase in the emission quantum yields of the complexes.'® The analysis
on the photophysical data for 1a, 2a, and 3a showed that the increase in the quantum yields was explicitly
due to the reduction of the non-radiative radiation rates. The radiative rate constants for the three
complexes were essentially the same. For the present three complexes, 1b, 2b, and 3b, the same trends
have been observed for the rate constants. The constants, s, for the three complexes are similar and they
are 1.4 X 104, 1.5x10%and 1.6 X 10* s'l, respectively for 1b, 2b, and 3b. On the other hand, %,s greatly
depend on the diphosphine ligands; 8.0 X 10°, 2.3 X 10% and 1.0 X 10° s, respectively for 1b, 2b, and 3b.
Therefore, the difference in the quantum yields of the three complexes was mainly determined by the rate
of the non-radiative processes. As the number of methylene groups increases in the phosphine ligand, we
observed smaller k.. The decrease in k,; may be caused by two reasons; one is due to the energy-gap law.
The emission energies of the complexes vary in the order 1b <2b < 3b, therefore the ks should decrease
in the order 1b > 2b > 3b. The difference in the bite angles, P-Cu-P, should be another reason. The angle
increases as the number of methylene carbons increases in the phosphine ligand. The large angle should
reduce the flattening and rocking distortion in the excited states and inhibit the attack of the solvent
molecule in the excited states, which are important quenching mechanisms in Cu(I) complexes.34 The
structure of 3b shows two phenyl groups on the two phosphorous atoms are oriented to cover the Cu atoms
(see Fig. 1 and Fig. S12); this may inhibit the access of solvent molecules to the metal centers. The
Stokes-shift does not apparently depend on the number of methylene carbons; 8400 cm ™', 8400 cm™' and
8700 cm ™' for 1b, 2b, and 3b, respectively; the result may show the decrease in &, in the complex having a
longer phosphine ligand is mainly due to the blocking of the solvent access rather than the reduction of the
distortion.

The difference in the luminescence between the dmp and dmpp complexes is remarkable. The quantum
yields of the three dmpp complexes, 1b, 2b, and 3b, are almost twice as large as the quantum yield of the
dmp complexes, 1a, 2a, and 3a, respectively. This is caused by the large ;s of the dmpp complexes
compared to those of dmp complexes as shown in Fig. 4.>> On the other hand, ks are almost independent
of the diimine ligands. The result for the large radiative rates may be related to the large absorption
coefficient of the "MLCT transition of the dmpp complexes compared to those of the dmp complexes as
shown in the previous section. As stated above, the emission of the Cu(I) complexes are frequently
thermally activated delayed fluorescence (TADF). Recently, it has been shown that the emission of many
[Cu(NN)(PP)]" species is also TADF.*® Large MLCT absorption intensity indicates that the radiative rate of
the ['[MLCT — ground state] transition is fast, as a result, fast observed radiative rate should be observed.
Therefore, the effect of the phenyl groups in the dmpp ligands on the emission can be explained by the
enhancement of the 'MLCT absorption intensity. Owing to the small k,,; and large %, values, 3b shows

considerably strong emission in fluid solution at room temperature.
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DFT and TDDFT calculations

As described above, two phenyl groups in the dmpp ligand have a pronounce effect on the
photophysical properties of the Cu(I) complexes. The electronic structures of the complexes were studied
by DFT and TDDFT calculations in order to explore the effect of two phenyl groups. A part of the results
have been shown in Table 3, and the shapes of some Kohn-Sham orbitals have been depicted in Figure S11
in ESI. The following discussions are based on the results calculated with the optimized geometry in the
singlet ground states of the complexes.

The composition of the K-S orbitals has been studied by Mulliken population analysis. The
compositions of the frontier Kohn-Sham orbitals (from the HOMO-2 to LUMO+1) are similar for the
complexes 1a, 1b, 2a and 2b, so the orbitals of the four complexes are discussed at the beginning of the
discussion. For all complexes, HOMOs are constructed from the orbitals of copper (49 — 56%) and
phosphorous atoms (30 — 39%) with a slight contribution of diimine moieties. In the HOMO-1 and
HOMO-2, the copper atoms also have the largest contribution for the four complexes. The contribution of
the diphosphine atoms to the HOMO-1 is very small, but there are considerable contributions of the
phosphorous orbitals to the HOMO-2. The LUMO and LUMO+1 of the complexes can be regarded as
diimine 7* orbitals. The diphenyl moieties in the dmpp ligand are found to contribute to the frontier
orbitals of 1b and 2b. The most considerable contribution of the two phenyl groups can be seen in the
HOMO-3 orbitals. They are 20% and 31% for 1b and 2b, respectively. For the complexes 1a and 2a, the
energy of the HOMO-3 is far low compared with the HOMO-2. However, for 1b and 2b, the energies of
the HOMO-3 orbitals are similar to the HOMO-2 and there are considerable contributions of the diphenyl
moieties to the HOMO-3, which should be marked contrast with those of 1a and 2a. The contribution of
the two phenyl groups in the LUMO seems to be small; 7% and 8% for 1b and 2b, respectively. However,
it was found that the electronic transitions are considerably affected by the apparently small contribution of
the phenyl groups as revealed by the TDDFT calculation (vide infra).

For 3a and 3b, the calculation was performed under C; symmetry. There are two chromophores in the
two complexes, the interaction between them may be small; therefore, all orbitals are composed of pseudo
degenerated pairs of orbitals having similar energy. The HOMO and HOMO-1 of 3a and 3b are essentially
the same character with the HOMO of the other complexes, and the HOMO-2 and HOMO-3 of 3a and 3b
are similar to the HOMO-1 of the other complexes, etc. It should be noted that in the dinuclear complexes,
the HOMO-6 and HOMO-7 of 3b, which correspond to the HOMO-3 of 1a, 1b, 2a and 2b, have
considerable amplitude in the two phenyl groups. The orbitals, LUMO — LUMO+3, are mainly ©* orbitals
of the diimine ligands.

Table 4 shows that the lowest-energy singlet-singlet transitions of the mononuclear complexes are
mainly composed of the HOMO — LUMO component for all complexes. For the dinuclear complexes, the
HOMO-3 — LUMO, HOMO-2 — LUMO+1, and HOMO-1 — LUMO+1 terms also contribute to the
transition. The result leads to a conclusion that the absorption bands observed at around 400 nm should be

mainly attributed to the 'MLCT (Cu(l) — diimine ligands) for all complexes.
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The calculated wavelengths of the transitions are in the 400-450 nm range, which well agree with the
observed values. As already discussed in the previous section, there are interesting trends in the absorption
spectra of the complexes; i.e., 1) the wavelength of the absorption bands becomes shorter when the number
of the carbon atoms between the phosphorous atoms in the phosphine ligand increases; 1a > 2a > 3a and
1b > 2b > 3b, and 2) small red-shifts were observed when the diimine ligand was changed from dmp to
dmpp for all diphosphine complexes. The TD-DFT results reproduce the former trend accurately. As for
the second point, the observed and calculated wavelengths are inconsistent. The observed red-shift is small
(6-11 nm) therefore we thought more accurate calculations should be necessary. The long-range
corrected functional’” and solvent correction such as PCM model may resolve the problem.

The result of the TDDFT calculation clearly shows that the calculated oscillator strengths of the
lowest-energy 'MLCT transitions of the dmpp complexes are about twice of those of the dmp complexes;
the calculated oscillator strengths for the lowest-energy transitions of 1a, 2a, and 3a are 0.09, 0.07, and
0.023, respectively, while those for 1b, 2b, and 3b are 0.15, 0.13, and 0.048, respectively. The results also
agree with the experimental fact that the absorption coefficients of the lowest-energy bands for 1b, 2b, and
3b are greatly enhanced compared to those for 1a, 2a, and 3a, respectively. Care should be necessary for
3a and 3b, because these complexes have two chromophores and the two transitions of opposite direction
occur simultaneously, so the calculated oscillator strength should be underestimated. Although the result of
the TDDFT study clearly shows the significant effect of the phenyl groups on the electronic transition, the
results do not apparently illustrate how the phenyl groups on the phenanthroline ring affect the electronic
transitions. Therefore, we use the Multifwn software™ to analyze the TDDFT results. In the TDDFT
method, a large number of combinations of the K-S orbitals, which was obtained in the ground state, are
used to calculate the transition moments and energies of the transition. The Multifwn software shows the
magnitude of the transition moments for each combination of the K-S orbitals. Analyses of the TDDFT
results by the software have shown that the enhancement of the oscillator strength is indicated if only the
HOMO — LUMO transition was considered in the TDDFT calculation; for example, the transition dipole
strength was calculated as 1.99 (atomic unit) for 1b, while it was 1.67 for 1a (Table S2-1a and S2-1b).
Oscillator strengths are proportional to the square of the transition moments, therefore the ratio, 1b vs 1a,
of the calculated oscillator strength for the HOMO — LUMO term is calculated to (1.99 / 1.67)2 =1.42.
Therefor an important result could be drawn by the result; although the contribution of the two phenyl
groups in LUMO of 1b is small (7%), it should enhance the transition dipole moment by 42%. The fact
that the distance from the metal center to the phenyl groups is long may be the reason for the considerably
large effect. The ratio of the oscillator strengths, 1b vs. 1a is calculated to (1.51 / 1.15)2 =1.72 when all
13561 and 18711 combinations were considered in the TDDFT calculation. therefore the results reasonably
account for the fact that the oscillator strength of 1b was about twice of that of 1a. The similar results were
obtained for 2a and 2b (Table S2-2a and S2-2b), and 3a and 3b (Table S2-3a and S2-3b).

At the last part of the discussion, we add a brief comment on the intensity of the pure phosphorescence.
Even if the major part of the luminescence of the complexes is TADF, a part of the emission should come

from pure phosphorescence. There is significant participation of HOMO-3 (HOMO-6 and HOMO-7 for 3a
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and 3b), in which the phenyl moieties have a considerable contribution in some triplet MLCT excited
states as shown in Table 4. This may be related to the increase in the observed radiative decay rates of 1b,
2b, and 3b compared with 1a, 2a, and 3a. It has been reported that the phosphorescent processes of
Cu(I)-diimine complexes borrow intensity from the lowest-energy singlet MLCT,”® so the intense MLCT

absorption should increase the radiative rate of the phosphorescence process.

Conclusion

In this study, we prepared the copper(I) complexes bearing diphenyl-substituted phenanthroline ligand,
dmpp, and a series of diphosphine ligands, and explored the structures and photophysical properties of the
complexes. The two phenyl groups have a marked effect on the photophysical properties of the complexes;
the radiative rates of the emissive decay were doubled by the two phenyl groups, on the other hand,
essentially no effect on the non-radiative rates. This makes the dmpp complexes very strongly emissive.
TDDFT calculation gave an explanation not only for the energy-trend of the complexes, 1b, 2b, and 3b,
but also for the dramatic increase in the oscillator strength of the dmpp complexes compared with the dmp

complexes; this should affect the increase in the radiative constants of the emitting states.
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Table 1 Selected bond lengths and angles for the copper(I) complexes.
1b 2b 3b

Cul —N1 2.056(2) 2.050(3) 2.080(4)

Cul — N2 2.024(2) 2.068(3) 2.130(4)

Cul - P1 2.2403(6) 2.2322(10)  2.2669(15)

Cul — P2 2.2464(7) 2.2396(9) 2.2915(16)
N1-Cul -N2  81.74(8) 81.46(11) 80.03(14)
P1-Cul —=P2  90.70(2) 104.92(4) 119.57(5)

o 85.5 87.5 89.0
B1, B 58.4,51.6 64.3,55.1 59.2,49.9

a) The dihedral angles specified by the two planes, which are determined by the coordinates of Cul, N1
and N2 atoms and Cul, P1 and P2 atoms, respectively. b) The dihedral angles between the mean plane of
phenanthroline ring and the phenyl group on the N1 and N2 side, respectively.

Table 2 Photophysical data for the copper(I) complexes.

complex 1a° 1b 2a° 2b 3a’ 3b

diimine ligand dmp dmpp dmp dmpp dmp dmpp

diphosphine ligand dppe dppp dppb

Aabs / nM 400 411 391 402 382 388

¢/ molldm3ecm® 3200 6200 3200 5900 2800¢ 5000¢
Aem / NM 630 627 600 608 590 585

) 0.010 0.017  0.037 0.066 0.10 0.16

T/ ps 1.3 1.2 5.4 4.4 10.8 10.0

“Reference *' "Reference . ¢ The molar extinction coefficients were calculated using a half of the
molecular weight of the dinuclear complexes.

The quantum yield for [Cu(dmp)(dppe)]” was reported to 0.01 based on the standard value (@ 0.042 for
[Ru(bpy);]*" in deoxygenated water).”> If the recently reported value of 0.063 (Reference 24) is
employed for the standard, the value for [Cu(dmp)(dppe)]” should be 0.015. In this case, &, and k,, of
[Cu(dmp)(dppe)]” are calculated to be 1.1 x 10*s™" and 7.4 x 10° s™', respectively. Even if these values are
correct, the conclusion of the discussion did not change.
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Table 3. The results of the Mulliken population analysis for the DFT results of the structure-optimization
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for the copper(I) complexes. The "components" shown in the table is the components ratio of the K-S
orbitals; P-P, N-N, Ph2 represent diphosphine ligand, phenanthroline ligand and diphenyl moiety

respectively. For the complexes 1b, 2b, and 3b, N-N denotes dimethylphenanthroline ligand except the

two phenyl groups.

Page 14 of 19

complex K-S orbital energy components (%) complex K-S orbital energy components (%)
/eV Cu P-P N-N eV Cu P-P N-N Ph2

LUMO+2 -3.05 5 97 -2 LUMO+2 -2.93 97 -1 0
LUMO+1 -4.20 0 0 100 LUMO+1 -4.02 0 90 9
LUMO -4.40 3 2 96 LUMO -4.19 3 2 88 7

la HOMO -7.74 55 39 6 1b HOMO -7.56 52 37 8 2
HOMO-1 -8.36 73 7 20 HOMO-1 -8.14 71 7 21 1
HOMO-2 -8.62 71 21 7 HOMO-2 -8.45 47 13 27 12
HOMO-3 -8.99 1 18 82 HOMO-3 -8.49 31 10 38 20
LUMO+2 -3.02 4 13 83 LUMO+2 -2.90 2 33 56 9
LUMO+1 -4.21 99 LUMO+1 -4.04 0 89 10
LUMO -4.40 96 LUMO -4.20 2 88 8

2a HOMO -7.81 56 37 6 2b HOMO -7.62 54 35 9 3
HOMO-1 -8.31 74 9 16 HOMO-1 -8.09 74 7 18
HOMO-2 -8.48 73 19 8 HOMO-2 -8.32 73 18 9 0
HOMO-3 -8.96 8 72 21 HOMO-3 -8.48 6 6 57 31
LUMO+5 -4.33 3 92 5 LUMO+5 -4.14 2 93 4 0
LUMO+4 -4.35 4 90 5 LUMO+4 -4.16 4 91 0
LUMO+3 -5.32 0 1 99 LUMO+3 -5.05 1 1 90 9
LUMO+2 -5.32 0 1 99 LUMO+2 -5.05 0 1 90 9
LUMO+1 -5.56 2 1 97 LUMO+1 -5.27 2 1 89 8
LUMO -5.57 2 1 97 LUMO -5.28 2 1 89 8
HOMO -9.26 56 36 8 HOMO -8.96 49 30 15 6

3 HOMO-1 -9.26 57 35 8 3b HOMO-1 -8.96 50 29 15 6
HOMO-2 -9.52 71 16 13 HOMO-2 -9.22 77 17 1
HOMO-3 -9.53 77 9 15 HOMO-3 -9.22 78 4 17 1
HOMO-4 -9.56 80 10 9 HOMO-4 -9.32 73 19 7 1
HOMO-5 -9.59 78 15 7 HOMO-5 -9.35 74 17 8 1
HOMO-6 -10.10 2 19 79 HOMO-6 -9.50 12 10 42 37
HOMO-7 -10.10 2 17 80 HOMO-7 -9.50 11 9 42 37
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Table 4 TDDFT results. Calculated transition wavelength, oscillator strength (f), components of singlet
add triplet excited states are shown. The calculations were performed based on the optimized geometry in
the ground states. Two major components are shown for each transition.

singlet triplet
complex A/ nm I components and coefficients A /nm components and coefficients
451 0.09 HOMO — LUMO 0.68 499  HOMO — LUMO 0.70
la 422 0.017 HOMO — LUMO+1 0.69 470  HOMO-1- LUMO+1 0.58
HOMO-3 — LUMO+1 -0.40
446 0.15 HOMO — LUMO 0.68 496  HOMO — LUMO 0.70
HOMO-3 — LUMO -0.10
1b 419 0.05 HOMO — LUMO+1 0.69 483  HOMO — LUMO+1 0.55
HOMO-3 — LUMO+1 -0.31
443 0.07 HOMO — LUMO 0.68 486  HOMO — LUMO 0.70
2a 419 0.0006 HOMO-1 — LUMO 0.68 465 HOMO — LUMO+1 0.56
HOMO-2 — LUMO -0.12 HOMO-5— LUMO+1 -0.38
438 0.13 HOMO — LUMO 0.68 487  HOMO — LUMO 0.69
HOMO-3 — LUMO -0.15
2b 417 0.0008 HOMO-1— LUMO 0.69 481 HOMO — LUMO+1 0.54
HOMO-3 — LUMO+1 -0.41
410 0.023 HOMO-3 — LUMO 0.42 456  HOMO — LUMO 0.38
HOMO-2 — LUMO+1 0.37 HOMO-1 — LUMO+1 0.38
HOMO — LUMO -0.25 456  HOMO-1 — LUMO 0.38
3a HOMO-1 — LUMO+1 -0.25 HOMO — LUMO+1 0.38
403 0.095 HOMO-1 - LUMO+1 0.042
HOMO — LUMO 0.42
408 0.048 HOMO-3 — LUMO 0.42 472  HOMO — LUMO 0.34
HOMO-2 — LUMO+1 0.42 HOMO-1 — LUMO+1 0.34
HOMO — LUMO -0.25 HOMO-1 — LUMO+3 -0.20
HOMO-1 — LUMO+1 -0.25 HOMO-7 — LUMO+3 -0.20
401 0.23 HOMO — LUMO 0.42 HOMO-6 — LUMO+2 -0.20
HOMO-1 - LUMO+1 0.42 HOMO— LUMO+2 -0.20
3b HOMO-3 — LUMO 0.25 472  HOMO-1 — LUMO 0.34
HOMO-2 — LUMO+1 0.25 HOMO — LUMO+1 0.34
HOMO — LUMO+3 -0.20
HOMO-6 — LUMO+3 -0.20
HOMO-7 — LUMO+2 -0.20
HOMO-1 — LUMO+2 -0.20
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Fig.1 ORTEP drawings of 1b (top), 2b (middle), and 3b (bottom). Thermal ellipsoids were drawn with

30% probability.
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Fig.2 Absorption spectra of 1b (red, solid line), 2b (green, dashed line), and 3b (blue, dotted line) in

dichloromethane solution at room temperature.

Emission intensity

450 550 650 750 850

Wavelength / nm

Fig.3 Emission spectra of 1b (red, solid line), 2b (green, dashed line), and 3b (blue, dotted line) in
dichloromethane solution at room temperature. Emission intensity was not corrected for wavelength

dependence.
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Fig.4 The comparison of the observed radiative rate constants k, and the observed

non-radiative rate constants k,;.
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TOC graphic

Emissive copper(I) complexes bearing a phenanthroline ligand having diphenyl groups and a
diphosphines were synthesized. The quantum yields are enhanced by the diphenyl groups on the
phenanthroline ligand.



