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Studies on synthesis, structures, and photophysics have been carried out for a series of luminescent copper(l)
halide complexes with the chelating ligand, 1,2-bis[diphenylphosphino]benzene (dppb). The complexes studied are
halogen-bridged dinuclear complexes, [Cu(u-X)dppb], (X = 1 (1), Br (2), ClI (3)), and a mononuclear complex,
Cul(dppb)(PPh;) (4). These complexes in the solid state exhibit intense blue-green photoluminescence with
microsecond lifetimes (emission peaks, Ama = 492-533 nm; quantum yields, & = 0.6-0.8; and lifetimes, t =
4.0-10.4 us) at 298 K. In 2-methyltetrahydrofuran (2mTHF) solutions at 298 K, only 1 and 4 show weaker emission
(@ = 0.009) with shorter lifetimes (z = 0.35 and 0.23 us) and red-shifted spectra (Amax = 543 and 546 nm). The
emission in the solid state originates from the (M + X)LCT excited state with a distorted-tetrahedral conformation,
in which emissive excited states, (M + X)LCT and 3(M + X)LCT, are in equilibrium with an energy difference of
~2 kcal/mol. On the other hand, the complexes in the 2mTHF solutions emit from the MLCT excited state with an
energetically favorable flattened conformation in the temperature range of 298—130 K. The flattened geometry with
equilibrated MLCT and *MLCT states has a nonradiative rate at least 2 orders of magnitude larger than that of the
distorted-tetrahedral geometry, leading to a much smaller emission quantum yield (® = 0.009) at 298 K. Since the
flattening motion is markedly suppressed below 130 K, the emission observed in 2mTHF below 130 K is considered
to occur principally from the (M + X)LCT state with a distorted-tetrahedral geometry. To interpret the photophysics
of 1 and 4 in both the solid and solution states, we have proposed the “2-conformations with 2-spin-states model
(2C x 2S model)". The electroluminescence device using (1) as a green emissive dopant showed a moderate EL
efficiency; luminous efficiency = 10.4 cd/A, power efficiency = 4.2 Im/W at 93 cd/m?, and maximum external
quantum efficiency = 4.8%.

Introduction [CU(N—N)2]*", (N—N = 2,2-bipyridine or 1,10-phenan-

Luminescent mono- and multinuclear copper(l) complexes t_hrollne derivatives) markedly depends on the nature of the
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have been extensively studied because they have possiblé'r?a?ds' CFolr 1eg<arrr]1ple, 'E[?]e fOpEer(.l) compllex.of phenan
applications in solar energy conversion, Iuminescenc<—:--baseot romel,[ u(1,10-phenanthroling}*, gives no uminescence
sensors, display devices, and probes of biological systes. In solutions. However, the complexes of 1,10-phenanthroline

Among copper(l) complexes, the luminescence intensity of Ilgands with bulky _substltuents at the 2,9-positions exhibit
luminescent behavior.
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nescence originates from an MLCT (charge transfer from
Cu to the ligand) excited state. The substituent effects of
phenanthroline derivatives at 2,9-positions on the MLCT
luminescence intensity have been explained by inhibiting the
structural distortion from the tetrahedral to the flattened
structure in the excited state. The major nonradiative process
for the MLCT state is attributed to the structural distortion

(flattening or rocking distortion). Thus, the introduction of

the bulky substituents at the 2,9-positions of the phenan-

throline ligands in [Cu(N-N),]** effectively suppresses the

extent of distortion in the MLCT state, leading to the high
luminescence yields. The luminescence intensity and the

emission peak energy of [Cu@\N),]'" systems decrease

with decreasing temperature. This result is explained well

by the assumption that thMLCT and3MLCT excited states

are in thermal equilibrium. The energy separation between

these two states is determined as 1800 i

Miller et al. reportedf that a mixed ligand copper(l)
complex with bulky substituents, [Cu(dbp)(dmi3)]dbp=
2,9-di-tert-butyl-1,10-phenanthroline, drp2,9-dimethyl-

1,10-phenanthroline), affords a significantly high lumines-

PFg

(4 (6)
Figure 1. Copper complexes studied in this work.

two different excited states, one being a cluster-centered
(3CC) state and the other being a halogen-to-ligand charge

cence quantum yield. Similarly, the mixed-ligand copper(l) transfer $XLCT) state. The emission from tR€C-excited-
complex with a sterically crowded diphosphine ligand, [Cu- state is observable only for the complexes with a-€@Zu

(dmp)(POP)Y* (POP= bis[2-(diphenylphosphino)phenyl]-
ether), shows a high phosphorescence yithsk is observed

distance shorter than the sum of the van der Waals radius
(2.8 A).

for these copper complexes, the bulky substituents of the Recently, Araki et al? reported that halogen-bridged
ligand undergo effective suppression of the flattening distor- copper complexes, [G@-X)2(PPh)L,], with various het-

tion in the MLCT state.

eroaromatic ligands (L) give intense emission at room

Ford and co-workef$ have reported that the tetranuclear temperature as well as at 80 K in the solid state. The long

copper(l) halide complexes [CuXpylpy = pyridine, X =

Cu-+Cu distances (2.8723.303 A) observed in these

halogen) and their derivatives show strong emission at room complexes indicate no substantial interaction between the
temperature in both the solid and solution states. The two copper(l) ions.

complexes exhibit visible photoluminescence emitting from
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To date, a number of copper(l) complexes with phosphine
ligands have been synthesized, and their emission properties
are qualitatively discussédlIn the present paper, we study
the emission of mono- and dinuclear copper complexes
chelated with the bulky diphosphine ligand, 1,2-bis[diphen-
ylphosphino]benzene (dppb). Figure 1 illustrates the molec-
ular formulas of the copper(l) complexes studied. The
photophysics of these complexes in both the solid and
solution states are discussed on the basis of lifetime and
quantum yield measurements in the temperature range of
77—298 K. An electroluminescence (EL) device fabricated
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with the use of the dinuclear complex@g as an emissive
dopant is also reported.

Experimental Section

Materials. Copper(l) iodide, copper(l) bromide, copper(l) chlo-

Tsuboyama et al.

solution of 106 M facIr(ppy)s (ppy = 2-phenylpyridine) as a
reference Q[fac-Ir(ppy)s] = 0.4)15 Luminescence spectra at 77 K
were measured in a 2-methyltetrahydrofuran (2mTHF). Emission
lifetimes were measured by a Hamamatsu Photonics C4334
streakscope with excitation light & 354.7 nm) from an Nd:YAG
laser (Surelight-1l from Continuum Co.). UWis spectra were

ride, triphenylphosphine, 1,2-bis(diphenylphosphino)benzene, andecorded on a Shimadzu UV3100S spectrophotometer. Thermo-
all solvents are commercially available (Aldrich) and were used as gravimetric and differential thermal analyses (TGA/DTA) were

received.
Synthesis of ComplexesThe dinuclear copper complexés—

3) were prepared according to the following general procedure. A

performed by a TG-DTA 2000S thermal analyzer (MAC Science
Co.) under a M stream with a scanning rate of 2G/min.
IH NMR (500 MHz) and3P NMR (202 MHz) spectra were

suspension of copper(l) halide (0.5 mmol) and 1,2-bis(diphen- recorded on a Bruker AVANCE-500 NMR spectrometer.

ylphosphino)benzene (0.5 mmol, 223 mg) in 20 mL of toluene was

stirred fa 5 h atroom temperature to form a pale-yellow precipitate.

The precipitation was filtered off, washed with toluene, acetonitrile,

X-ray Structure Analysis. Cubic crystals ofl—3 suitable for
X-ray analysis were obtained with the train sublimation method in
an argon stream. Needle crystalsdofvere obtained with a slow-

and methanol, and then dried in vacuo. The yields of the precipitated giffusion method: we layered hexane (5 mL) onto a chloroform

complexes were 65% fdt, 58% for2, and 60% for3. The pale-
yellow powder was further purified by train sublimation with an
argon stream under a pressure of30orr at 336-360°C to obtain
pale-yellow block crystals of—3.

The mononuclear complg¥) was prepared via the addition of
triphenylphosphine to a suspension of complexn 10 mL of
toluene. The suspension was stirred %h to form a clear and

solution (5 mL) containing 10 mg o#. Diffraction data were
collected at 93 K on a Rigaku RAXIS-RAPID imaging plate
diffractometer equipped with graphite-monochromated Ma K
radiation ¢ = 0.71069 A). Indexing was performed from 3
oscillations that were exposed for 9D &nd 3) 30 (2), and 60(4)

s. The crystal-to-detector distance was 127.40 mm. Readout was
performed in the 0.100 mm pixel mode. The data were collected

colorless solution. The solution was kept at room temperature; thento a maximum 2 value of 54.9. A total of 73(1), 44 (2), 83(3),
the slow evaporation of the solvent gave white microcrystalline and 55(4) oscillation images were collected with two different

solids of4. The white solid was filtered off, washed with methanol,
and dried in vacuo. Complek was prepared according to the
procedure from the previous papés.

[Cu(ul)dppb], (1). Pale-yellow crystals. Yield after train
sublimation: 48 mg, 159H NMR(CDCl;, 298 K): 6 7.29-7.31
(m, 4H), 7.23-7.26 (m, 16H), 7.1#7.21 (m, 4H), 7.15 (t, 8HJ
= 7.3 Hz), 7.04 (t, 16H,) = 7.3 Hz).3P NMR(CDCE, 298 K):
0 —22.1 (brs, Wy, = 176.1 Hz). Anal. Calcd for §H4sCupl Py
C, 56.57; H, 3.80. Found: C, 56.58; H, 3.80.

[Cu(uBr)dppb], (2). Pale-yellow crystals. Yield after train
sublimation: 53 mg, 18%!'H NMR (CDCl;, 298 K): 6 7.27—
7.30 (m, 20H), 7.187.20 (m, 4H), 7.15 (t, 8H) = 7.5 Hz), 7.06
(t, 16H,J = 7.5 Hz).3'P NMR (CDCE, 298 K): 6 —19.0(s) (brs,
Wy, = 224.7 Hz). Anal. Calcd for gH4sCwBrP,: C, 61.08; H,
4.10. Found: C, 61.20; H, 4.22.

[Cu(uCl)dppb], (3). Yellow crystals. Yield after train sublima-
tion: 44 mg, 16%H NMR (CDCl;, 298 K): 6 7.27—7.30 (m,
20H), 7.19-7.21 (m, 4H), 7.16 (t, 8H) = 7.5 Hz), 7.07 (t, 16H,
J=7.5Hz).31P NMR (CDCE}, 298 K): 6 —17.2(s) (brsWy, =
214.2 Hz). Anal. Calcd for gH4sCu.ClP,: C, 66.06; H, 4.43.
Found: C, 66.15; H, 4.42.

Cul(dppb)PPhz (4). White crystals (44 mg, 16%)}H NMR
(THF-dg, 230 K): 6 7.85-7.88 (m, 4H), 7.56-7.52 (m, 2H), 7.38
7.42 (m, 2H), 7.33 (t, 2HJ) = 7.4 Hz), 7.23-7.29 (m, 7H), 7.17
(t, 6H,J = 7.4 Hz), 7.12 (t, 2H,) = 7.6 Hz), 7.07 (t, 6HJ = 6.9
Hz), 6.86 (t, 4HJ = 7.6 Hz), 6.60-6.64 (m, 4H) 3P NMR (CDC},
298 K): 6 —10.0(s) (brsWy;, = 191.9 Hz), 1.3(s) (brsWy, =
324.7 Hz) Anal. Calcd for ¢Hs,CulPs: C, 64.11; H, 4.37.
Found: C, 63.92; H, 4.53.

Measurement. Elemental analyses were carried out with an
elemental analyzer Vario EL CHNOS from Elementar Co.

Photoluminescence spectra were recorded on a Hitachi F4500

goniometer settings. The exposure rates were 40.2 mif, fbd.2
min for 2, and 30.0 min fo8 and4 per deg. The crystal structures
were solved with Patterson methods (DIRDIF99 PATTY)f@nd
3 and direct methods (SIR92) f@& and4. The crystal structures
were refined by the full-matrix least-squares methodF8nAll
non-hydrogen atoms were refined anisotropically, while hydrogen
atoms were included but not refined. All analyses were performed
by the crystallographic software package CrystalStructure. A
summary of the refinement details and the resulting agreement
factors is given in the Supporting Information (Table S1).
Electroluminescence DeviceElectroluminescence (EL) devices
were fabricated by the conventional vacuum deposition method.
The devices were made on an indittm oxide (ITO) film (15
Q/cn?, thickness 120 nm, from Nippon Sheet Glass Co.) with a
3.14 mn? round-patterned area. The organic materials for the EL
devices were vacuum-deposited in turn on the ITO film at chamber
pressures of less than 10Pa, and aluminum was deposited over
a KF layer as a cathode. The emissive layer was formed by
codeposition of the emissive dopahtand the host molecule, 4;4
N,N'-dicarbazolebiphenyl (CBP).

Results

1. X-ray Crystallographic Study. Major structural pa-
rameters of complexek—4 are summarized in Table 1. All
the structural data are listed in the Supporting Information
(Tables S3-S6). ORTEP plots ofL and 4 are shown in
Figure 2, and those &f and3 are shown in the Supporting
Information (Figure S1). The X-ray crystallographic studies
on 1—3reveal that two copper(l) centers are bridged by two
halogen ligands to form a dinuclear structure with a four-
membered CiX; ring.

fluorescence spectrometer. Spectral data were corrected with the(14) de Mello. J. C.: Wittmann. H. F.: Friend. R. Bdv. Mater. 1997 9

use of a commercial standard light provided by Hitachi Co. Solid-

state luminescence quantum yieldB)(were determined with an

organic electroluminescence spectrometer (Japan Optel Co.) equippe:

with an integrated sphefé. Luminescence quantum yields in
solutions were determined with the use of anddturated toluene

1994 Inorganic Chemistry, Vol. 46, No. 6, 2007
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Table 1. Selected Structural Parameters for the Compléxe4®

1 2 3 4
distances (A)

Cu—X 2.635 2.478 2.359 2.619
Cu—Puiphos 2.281 2.259 2.254 2.272
Cu—Ppph3 2.249
Cu-Cu 2.898 2.837 2.866
XX 4.298 3.779 3.674

bond angles (deg)
X—Cu—X 109.3 107.6 102.3
Cu—X—Cu 66.7 69.8 74.8
Paiphos— Cu—Puiphos 87.5 89.2 89.0 88.2
Pdiphos—CU—Ppph3 - - - 123.0

torsion angles (deg)

Cu—Pyiphos—C—CP 23.6 21.6 21.0 18.3
Cu—X—Cu—X 21.9 17.5 18.5

a All parameters listed in the table are averagetlorsion angle around
the Riiphos—C axis in a five-membered ring Cu®,.

The copper(l) in the complexe$—4 exhibits highly
distorted tetrahedral coordination. In particular, thedRi—P
angles ranging from 87.5 to 89.2argely differ from the

usual tetrahedral value because of the small bite angle of

the dppb ligand. Although halogen-bridged copper complexes
typically have a planar GX, geometry’2130.17the CuyX,
rings of complexesl—3 are significantly deformed by
bending along the ¥-X axis1*™ The dihedral angles between
two CuX; triangles in CuX, are 143.7, 124.5, and 150.9
for 1, 2, and3, respectively. As listed in Table 1, the €X
distances of, 2, and3 elongate with an increase in the van
der Waals radius of X, while their GuCu distances are
similar to each other (2.8372.898 A). The Cu-Cu
distances are almost equal to the sum of van der Waals radius
of copper (2.8 A), indicating a minimum interaction between
two copper atoms.

2. Photophysical Properties. (a) Absorption Spectrum.
Figure 3 shows absorption spectralof4, 5, and the free
ligand, dppb, in 2mTHF solutions. These complexes have
intense absorption bands £ 26 0006-44 000 Mt cm™?)
at ~280 nm, which are assigned to the-s* transition of
the ligand, dppb. Mononuclear compl&xontains two dppb
ligands, and thus, the molar absorption coefficienbait
280 nm is approximately two times larger than that of dppb.

The absorption spectra of the iodo complexesnd 4,
exhibit broad shoulders (15 000 and 8000'Mm™1) at 330
nm and weak ones (4000 and 2000'm™1) at 380 nm.

The absorption shoulders can be attributed to the electronic

transition affected by the coppers, the iodide ligands, or both.
As shown in Figure 4, HartreeFock calculation’$ carried

(17) Henary, M.; Wootton, J. L.; Khan, S. I.; Zink, Jlhorg. Chem1997,
36, 796-801.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A, Cheeseman J.R; Zakrzewsk| V.G, Montgomery J. A Jr.;
Stratmann R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M; Danlels
A. D.; Kudin, K. N Strain, M. C.; Farkas, O Tomasi, J.; Barone,
V,; Cossi, M,; Cammi, R,; Mennucci, B.; PomeIIi, C,; Adamo, C,;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

out for 1 and4 reveal that the electron density in the HOMO
is distributed over the copper and iodine atoms, while that
in the LUMO s localized on the ligands, dppb. Thus, the
lowest excited states dfand4 are a metal-to-ligand charge
transfer (MLCT) state mixed with a halogen-to-ligand charge
transfer (XLCT) state. The HOMO and LUMO calculations
made for5 indicated that the lowest excited state is attributed
to the MLCT excited state.

(b) Emission Properties in the Solid State.Figure 5
shows the emission spectralof 3 in the solid state measured
at 298 and 77 K. The spectra are broad without vibronic
progressions, suggesting that the emissive excited states have
the charge-transfer character. They values of dinuclear
complexes1—3 are in the orderl < 2 < 3, which is
consistent with the order of ligand field strength of the
halogen ions in the complexes @ Br~<CI~).1° Obviously,
the luminescent MLCTA*(dppb) < d*%(Cu)) excited state
is affected by the nature of the halogen ions directly bound
to copper atoms. With a decrease in the ligand field strength,
the energy separation of the d-orbitals decreases, leading to
alarger MLCT *(dppb) < d'9(Cu)) energy and, therefore,
to shorterimax Taking the MO calculations into account,
we consider that the emissive excited state of compléxds
is attributed to the MLCT plus XLCT state, (Mt X)LCT.

Complex5, which has no halogen ligand, was found to
give an emission spectrum similar to those of complexes
1-4. The emissive excited state of complgxs attributed
to an MLCT excited state.

Part A in Figure 6 shows emission spectralaheasured
at 77300 K, obtained with an excitation wavelength of 350
nm in the solid state. Similar temperature-dependent emission
spectra are observed for compléx(see Figure S2 in the
Supporting Information). The time-resolved emission spectra
are taken for complexels-4 with the 354.7 nm laser pulses.
The spectra detected immediately after the laser pulse
uniformly decay in the whole wavelength region observed.
From the decay analysis in the temperature range ef 77
300 K, the emission intensity is found to be expressed by a
sum of the two exponential time functions

| = A exp(-tr) + Aexp(-tir)  [r,> 7] (1)

wherez; and A are the lifetime and pre-exponential factor
for the faster decay, respectively, ancndAs are those for
the slower decay. The lifetimes; and z, at 298 K are
determined to be 1.5 and 4.8 for 1 and 4.0 and 8.&s for
4. Since the time-resolved emission spectrum in the solid
state is unchanged during the course of the whole decay,
the faster and slower decay components are considered to
have the same electronic nature: the emission in the solid
state is assumed to occur from the two luminescence centers
with different lifetimes. This assumption leads to the
conclusion that theA factors, As and A, in eq 1 are
proportional to the population of each luminescent center.
The population ratioys, of the emissive state responsible
for the slower decay is formulated as

Ys=AJATA) )
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Figure 3. Absorption spectra of free liganckj, complexedl (O), 4 (W),
and5 (a) in 2mTHF at 298 K. The inset shows a magnified view of the
absorption edges.

Figure 4. Molecular orbitals of complexe$ and 4 calculated by the
Hartree-Fock method using GAUSSIAN9S.

The valueys was found to be 0.67 fat and 0.35 for4 in
the range of 30677 K. From eq 1, the ratioR, of the
emission yield for the slower decay component to that of
the total yield is formulated as

Ry = A /(A + Aty

Since the valuesRs, of 1 and4 are obtained as 0.88 and

®)
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Figure 5. Normalized emission spectra of complexes3 in the solid
state at 298 K (thick line) and 77 K (thin line): rett, green,2; blue, 3.

0.60, respectively, in the temperature range of-300 K,
the major luminescence frorh and 4 is assigned to the
slower decay component with the lifetime

The emission peaks, lifetimes, and emission yields of the
copper complexes in the solid state at 77 and 298 K are
summarized in Table 2. We found that (1) the lifetimes,
of luminescence from the solid states at 298 K are 2 or 3
orders of magnitude shorter than those at 77 K and (2) the
total emission yield®r, decreases from 0.8 to 0.4 with a
decrease in temperature from 298 to 77 K.

The emission yield®, is generally formulated as

D =Pkt
12P. 2P

(4)
(%)

Here, ®¢, k, and v denote the quantum yield for the
formation of the emissive state, the radiative rate constant
of the emissive state, and the observed emission lifetime,
respectively. The emission yield of the slower component,
D, is thus given by

cI)s Z(DTRS :(I)Eyskr,srs (6)

where®r, k. s, andrs denote the total emission yield, radiative
rate constant, and lifetime of the slower component, respec-
tively. Hereafter, we assume tha@ge = 1.0. With this
assumptionys, andts in Table 2, the value ok s at 298 K

is obtained as-2.6 x 10° s * for 1. Similarly, thek; s value

(19) Evans, D. R.; Reed, C. A. Am. Chem. So200Q 122, 4660-4667.
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Figure 6. Temperature-dependent emission spectrhinfthe range of 77300 K in the solid state (A), and plots of the emission peak energy and quantum
yield (®) vs temperature of (B). Experimental errors i are +5%.

Table 2. Photophysical Parameters bf5 in the Solid State 1000
lmax (nm)a T (,LLS)b (o8

298K 77K 298 K 77K 298K 77K ’g‘
free dppb 490 ~600x 10° o 1
1 502 505  4.0(1.8) 211 (50Y 0.8 044 =
2 520 524  4.3(1.0) 2300 0.6 =
3 533 537  4.2(25) 2400 0.6 5
4 492 503 85(4.0) 132(66) 0.8  0.41 8 10
5 495 10.4 (2.4 E

aEmission peak wavelength Emission lifetime. Experimental errors

are+5%. ¢ Emission quantum yield for the solid state. Experimental errors 1
are £5%. 9 Emission lifetime is composed of two components= A 50 150 250 350
exp(—t/ty) + Asexp(t/ts) [ts > 11, As > Ag. The faster components, is Temperature (K)

in parentheses. Figure 7. Temperature-dependent emission lifetimaspf complexesl

) o (O) and4 (@) in the range of 77300 K in the solid state. Experimental
at 77 K is calculated to be 2.5 x 10° s™L. The finding that errors ints are £5%.

k-s at 298 K is 2 orders of magnitude larger than that at 77

K indicates that the emission at 298 K occurs from an above, thék value at 298 K is~2 orders of magnitude larger

electronic excited state different from that at 77 K. than that at 77 K. This indicates that the emissive state at
The radiative rate constank of the faster decay 298 K differs from that at 77 K, and therefore, the lifetimes,

component of the emission frofnwas calculated to be 2.1 7, in the solid state cannot be described by eq 7. We, thus,

x 1Pstat298 Kand 3.1x 1®®stat 77 K. These values  assumed that two emissive states are in thermal equilibri-

are very close to those of the slower decay component. It,um: a high-energy state with the rate constarand a low-

therefore, is concluded that the slower and faster decayenergy one withk . With the use of the equilibrium constant

components of the emission originate from the same K, the lifetimer is expressed as

electronic excited state. The difference in the lifetimes .

between the two components is probably attributable to the T = (K + kyK)/(1 + K) (8)

difference in the nonradiative decay processes.
Emission yields and lifetimes df and4 were measured

in the temperature range of #800 K. Part B in Figure 6

displays the plots of the emission peak frequengy§ and “1_ .y _

emission quantum yieldk) versus temperature far Similar =k = R KL K) ©)

plots for 4 are given in the Supporting Information (part B \yhere k.. and k., are the radiative rate constants of the

of Figure S2). The yieldsP gradually decrease on going |ow- and high-energy states, respectively. Sikce A exp-
from 300 to 77 K, and themax values slightly shift to low (—AH/RT), eq 9 is readily transformed to

frequency by 120 and 420 crhfor 1 and4, respectively.

Figure 7 shows the temperature dependence of the emissior, * =k = (k. T Ky A exp(—AH/RT))/

lifetimes, s, in the solid state for the complexdsand 4. (1+ Aexp(~AH/RT) (10)
The usual expression of the emission lifetime is given by

According to eq 8, the radiative rate constant of the
complexesgz, ! is represented as

HereAH is the enthalpy change between the high- and low-
ri= k + k., (7) energy states.
For the slower decay component of the emission, eqs 9
wherek, andk, denote the radiative and nonradiative rate and 10 are transformed to
constant, respectively. When the emissive excited state is  _, =~ _
identical in the temperature range studied, khealue is Trs = K= (ks ki KIAHKY = (ko F
inevitably independent of temperature. However, as described Ki.r A EXPCAHSRT))/(1 + A exp(—AHJRT)) (11)
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Figure 8. Radiative constank; s (A), nonradiative constanky s (B), and emission quantum yield®s (C), for the slower decay componentbin the solid
state, represented as a functionTofThe solid lines were calculated with eqs-1T6 and the parameters listed in Table 3.

Table 3. Kinetic Parameters of the Slower Decay Componentifand Kinr0), Kinrs AEL, Kqnrd0), kinrs @and AE4 obtained for
4n the Solid State complexesl and4. These values are found to reproduce well
1 4 the plot of 7, s * versusT as shown in part B of Figure 8
AHs (kcal/mol) 1.9 2.3 for 1 and in part B of Figure S3 fof.
Kirs(s™) i-gx }8; i-éx ig Part C in Figure 8 shows the plots of emission quantum
i“"'S(S ) 0041 0.02 yields, @, of the slower decay component of the emission
AE, (kcal/mol) 1.3 1.7 from 1, represented as a function ©f The yield, ®s, for
AEy (keal/mol) 0 0 the slower component is written as
Kenrs(S79) 0.7 x 109 1.7x 100
OIS 25x 103 6.0 x 10°
Keors (571 0 0 q)s zyskr,srs = yskr,sl(kr,s + knrs) (16)
knnrd0) (57 0 0

. . The plots of®g versusT experimentally obtained fit well
-1 (— S
Here,l_(s s the ethbnum_constant. Thes ™ (= k. va_1|ues with the curve of®,, which was calculated with eqs +26
at various temperatures in eq 11 have been obtained from : .
R and the parameters listed in Table 3.
eq 6. Part A in Figure 8 shows the plot kfs versusT - . .
. . : ; Similar analytical procedures have been applied for the
obtained for complex. With the use of a weighted linear o :
. faster decay components of emission in the solid state (See
least-square fitting method, the paramet&rss, kqrs, AHs, . : . .
. . Figure S4 and Table S2 in Supporting Information). The
and a factorAs in eq 11 are determined from the plot. The . . .

S . . . valuesAH, k., andky ¢ obtained (listed in Table S2) are
solid line in part A of Figure 8 is the calculated one with in aood aareement with those of the corresponding slower
Kirs=2.0x 1S kyrs=1.0x 10FsL, AHs = 1.9 kcal good ag ponding

decay components.

1 _
mol™, andA; = 0.041 (see Table 3). . . . (c) Emission Properties in 2mTHF Solutions.Photo-

The temperature dependence of the emission yield is, *° . : ;
luminescence is observed only farand 4 in a nitrogen-

explained with the use of radiative and nonradiative rate : o .
; . purged 2mTHF solution at 298 K. Similar luminescence
constants which are expressed as a function of temperature;
o _ Spectra ofl and4 are observed for toluene and chloroform
From eqgs 79, the nonradiative rate constanks,= 7o, 1, luti h . f | :
of the complexes are given by solutions. The emission spectrg of comp eﬁgand4 in
2mTHF at 96-270 K are shown in part A of Figure 9 and
-1_, _ in part A of Figure S5, respectively. Bothand4 in fluid
T, t=k, = + ky K1+ K 12 P 9 » Tesp y
= Ko = (e O ) (12) 2mTHF solutions at 270 K give emission spectra largely red-
where kL,nr and kH,nr denote the nonradiative decay rate shifted by 45-57 nm in comparison with those in frozen

constants of the low- and high-energy states, respectively.glasses at 96 K. Itis found that the emission quantum yields,

For the slower decay component, st is written as @, of 1 at 298 K in solutions are very small (0.009) relative
to those in the solid state (0.8).
an,;l = (K nrs T Ky KL+ KY (13) The luminescence properties of dinuclear comgdleand

_ _ mononuclear comple# in the solutions are very similar to
Becausets ™ = ks + Kirs ts ™ (= kig is readily  each other. It might be expected that the dinuclear complex

calculated by subtractink. s from zs™%. Part B of Figure 8 1 s produced from the mononuclear compkaccording
shows the plot ofry st (= kar9 VersusT obtained with to the equilibrium reaction

complex1. The nonradiative rate constaky is generally
composed of the temperature-dependent and -independent2 Cu(dppb)PP§(4) = [Cu(u-1)(dppb)}, (1) + 2PPh (17)
terms. Thusky n.s andky nrs are formulated as
To examine whethet and4 are in equilibrium or not3!P
K rs = Kir {0) F Ko s €XP(AE /RT) (14) NMR studies ofl and 4 were carried out. Thé'P NMR
Kinrs= iy or 40) F Ky 1y SEXPAE/RT) (15) spectra are given in the Supporting Information (Figure S6).
o o o The3P NMR spectrum oft in a CDC} solution was found
respectively. We have made the least-squares calculation fotto differ markedly from that ofl, and no®P signal of free
Tors + according to eq 13. Table 3 lists the parameters PPk was observed. Therefore, theP NMR analysis
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Figure 9. Emission spectra of in the range of 96300 K in 2mTHF
solution (A) and plots of the emission peak energy.af) and quantum
yield (@) vs T for 1 (B). Experimental errors i are +5%.
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Figure 10. Temperature-dependent emission lifetime& D) and4 (@),
respectively, in the range of 9800 K in 2mTHF solutions. Experimental
errors int are £5%.

leads to the conclusion that complexesind 4 are not in
equilibrium.

Plots ofvmaxand® versusrT (part B of Figure 9 forl and
part B of Figure S5 fo#) represent a dramatic decrease in
the emission intensity and a small low-frequency shift of
VYmax With @ decrease in temperature from 300 to 130 K.
Below 130 K, a marked high-frequency shift ofax is
observed in a narrow temperature range of-136 K. It is
suggested that the emissive species in the range of 130
300 K differs from that below 130 K.

Table 4. Kinetic Parameters for the Decay of the Excited Staté of
and4 in 2mTHF Solutions in the Temperature Range of 3060 K

1 4
AH (kcal/mol) 14 11
kir (579 15x 1¢° 0.4x 10°
Kar (s7) 1.5%x 10° 0.4x 1C°
A 0.30 0.31
AE_ (kcal/mol) 3.0 4.5
AEy (kcal/mol) 1.6 0.9
Kinr (578 2.1x 108 1.0x 1C®
k.n(0) (s™) 0 0
Kior (571) 7.5x 108 1.6x 1¢°
ki.n(0) (s71) 7.6 x 107 2.4x 10°

Table 5. Radiative Rate Constants farand4 in Frozen 2mTHF and
the Solid State at 77 K

solution (s'1) solid (s1)

2mTHF slower decay faster decay

1 (14£02)x10®  (25+£04)x 10*¢  (3.1+0.4)x 10°
4 (1.4£02)x 10  (5.3+04)x 100  (3.8+£0.4)x 10

the emission properties dfand4 in the range of 306130

K markedly differ from those in the range of 1306 K.
Thus, we deal with the kinetic analysis of the emission by
dividing the temperature range into two regions: 30230
and 130-96 K.

The lifetimes of emission fror and4 in solution become
long with a decrease in temperature in the range of-300
150 K. The radiative rate constants #hcalculated fronk;
= @/t are found to decrease from 1:810* to 4.8 x 10°
s 1 with a decrease in temperature. The plokofersusT
is assumed to fit eq 9. By using a linear least-square fitting
calculation, we determined the parametiars ky,, A, and
AH in 2mTHF solutions. In analogy with the case of the
solid state, the kinetic parameters are also obtained for the
nonradiative processes. The experimental valuels, dé,,
and® in 2mTHF fit well with the curve of those calculated
with the use of eqs 1016 (see Figure S7 in Supporting
Information). As listed in Table 4, the kinetic parameters of
the complexes in the present study are in moderate agreement
with those of [Cu(2,9-dimethyl-1,10-phenanthroli}&) [AH
= 5.1 kcal/mol k(triplet) = 10° s71, k(singlet)= 10" s71].82

Emission spectra of and4 in 2mTHF solutions below
130 K are similar to those observed for the solid state. The
radiative rate constants in 2mTHF at 77 K are evaluated from
k- = ®/z. As listed in Table 5, the radiative rate constants
of 1 and4 in both the solid state and frozen solution at 77
Kare~1C s

3. EL Device.An EL device fabricated with as a dopant
in a multilayered structure is shown in part A of Figure 11.
The layers in the device are composed of a hole-transporting
layer (HTL), an emissive layer (EML), an electron-transport-
ing layer (ETL), and an electron-injection layer (EIL). The
materials used for the device are PFO1 'ié[phenyl(9,9
dimethylfluorenyl)amino]biphenyl) for HTL (40 nm}, (10
wt %) in CBP (4,4-N,N'-dicarbazolebiphenyl) for EML (20
nm), Bphen (4,7-biphenyl-1,10-phenanthroline) for ETL (50

Figure 10 shows the temperature dependence of thenm), and KF for EIL (5 nm). The concentration bfin the

emission lifetimesgz, in 2mTHF solutions foll and4. The
decay of emission in solutions follows first-order kinetics
in the temperature range of 9800 K. As mentioned above,

EML was 10 wt %, which afforded the optimum external
efficiency, 7ex. At concentrations of more than 10 wt 9
tends to decrease because of self-quenching.
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Al (150 nm) Complexesl and4 in the solid state exhibit strong blue-
(A) i B _ & green luminescence in the temperature range 6fZBB K.
KF (5) / 4 >\—/(N) From the decay analysis, two luminescent centers in the solid
Bphen (50) ® state are found to give similar emission spectra with different
N lifetimes. On the basis of the fact that the radiative rate
10% (1) in CBP | ( — { G} constantsk;, of the emission from the two luminescent
(60) CH centers are in good agreement each other, the electronic states
%ﬁ“ of the two centers are concluded to be identical.
Ay N The apparenk; values at 298 K are found to be 2 orders
| @ 1, of magnitude larger than those at 77 K. Thus, the emissive
electronic state at 298 K is supposed to differ from that at
(B) 1 77 K. According to earlier studi€s} we assumed that the
two electronic states, high- and low-energy states, are in
thermal equilibrium. From the lifetime analysis carried out
for the slower decay component of the emission frbiin
the solid state, the radiative rate constént,, for the higher-
energy state is determined toke s= 1.0 x 1(® s 1, which
is 5 orders of magnitude larger thin < for the lower-energy
state k_rs = 2.0 x 10° s7%). This result suggests that the
400 500 600 700 higher- and lower-energy states are assigned to a spin-
Wavelength (nm) allowed*(M + X)LCT and a spin-forbiddeA(M + X)LCT
state, respectively. From the equilibrium constant, the energy
2000 20 separationAH, between the two states is obtainec~&.0
S kcal/mol for both complexesl(and4). The value ofAH
1500 15 logically reflects the difference in energkk, between two
f states. We found that th&E value (1.2 kcal/mol) evaluated
1000 from the peak energy of emission spectraait 77 and 298
Kis in moderate agreement witkH. However, theAE value
of complex 1 (0.3 kcal/mol) is much smaller thanH.
Presumably, the absorption edgeloft 298 K extends to
wavelengths longer than that at 77 K, and thus, the emission
Gurrent density (mA/em?) spectrum measured at 298 K_ is shifted to red in appearance
. . . _ by the reabsorption of emission.
Figure 11. Electroluminescence (EL) device construction and molecular . .
formulas of the compounds used in each layer (A), the EL spectrum (B), W€ observed that the quantum yields of emission fiom
and plots of luminance and luminous efficiency vs current density of the and 4 in the solid state decrease with a decrease in
EL device (C). temperature from 298 K te~140-150 K, and slightly

Parts B and C in Figure 11 display the EL spectrum and increase below 140 K. This observation is explained as
the plots of luminance and luminous efficiency versus current fllows. For the slower decay component of emission from
density, respectively. The maximum luminance obtained is 1in the solid state, emission at high-temperature principally

1700 cd/n at 48 mA/cn3. Luminous efficiency and power  0¢curs fromi(M + X)LCT, which hask,. = 0. At low
efficiency are moderate: 10.4 cd/A and 4.2 Im/W, respec- temperatures, the emission process is prmupa}ly governed
tively, at 93 cd/m. The maximum external efficiency of the by the lower-energy statei(M -+ . X)LCT, Wh'Ch_ has
device is 4.8% at 7 cd/inThe peak wavelength of the EL  {€mperature-dependeki,y. Thus, with a decrease in tem-

spectrum located at 565 nm significantly differs from that perature, the contribution of the nonradiative processes from

5 e .
of photoluminescence (PL), 502 nm, in the solid state. The “(M  X)LCT becomes large, resulting in a decrease in the
difference in the spectra between EL and PL will be emission yield. Below 140 K, the nonradiative process of
; . e
discussed later. It is clear that the dinuclear complgxg (M + X)LCT is suppressed, and therefore, the emission

useful as an emissive dopant in EL devices. yield begins to increase. _
(b) Emission in 2mTHF. Copper complexe& and4 in

Discussion 2mTHF solutions show temperature-dependent emission

(a) Emission in Solid State.Dinuclear complexl has spectra markedly different from those in the solid state. The
emission spectra very similar to those of mononuclear spectrain 2mTHF below 110 K are similar to those observed
complex4. As revealed by the X-ray structure analysis, the for the solid state, probably because of the high viscosity of
Cuw--Cu distance ofl is close to the sum of the van der solvents: molecule$and4 keep the tetrahedral form around
Waals radii of two copper atoms. It is supposed that the the copper(l) atoms even in the excited state at low
interaction between the two copper atoms is very weak in temperature. Therefore, we consider that the emission
both the ground and emissive excited states, and thus, theobserved below 110 K originates from the (1 X)LCT
emission froml resembles that of complek state.

2
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Figure 12. Schematic state diagram of the 2€ 2S model of the
complexes.

A sharp red-shift of the emission band takes place, upon
going from 110 to 130 K, within a narrow temperature range.
Since the glass temperature of 2mTHRi$20 K, a dramatic

decrease in viscosity may facilitate the conformation change

from a tetrahedral to a flattened structure in the excited state
leading to the red shift of the emission band.

With an increase in temperature from 130 to 298 K, the
spectra slightly shift to blue, and the emission yield decreases
The kinetic studies of emission frorh and 4 in 2mTHF
reveal that the temperature dependenck of the range of
130-298 K is explained by the two spin-state models in the
MLCT state: 'MLCT and3MLCT are in thermal equilibrium.
The AH values are determined to be 1.4 kcal/mol fcaind
1.1 kcal/mol for4. BecauseMLCT lies higher in energy
than3MLCT, the emission spectrum shifts to blue with an

lifetimes and quantum yields of the complexes in 2mTHF
at 298 K are~1 order of magnitude smaller than those in
the solid state, indicating that the MLCT excited state of
the flattened conformation has nonradiative rate constants
much larger than those of the tetrahedral one.

On the basis of the emission studies of the copper(l)
complexes in 2mTHF solutions in the temperature range from
77 to 298 K, the complexes are concluded to take two
conformations in the excited state: distorted tetrahedral and
flattened geometry. Each conformation has two spin states,
singlet and triplet states. Figure 12 shows a proposed
schematic diagram of the “2-conformations with 2-spin-states
model (2Cx 2S model)” of the copper complexes mentioned
above.

(c) EL Device. The dinuclear complexes are thermally
stable and exhibit strong luminescence at room temperature.
Consequently, the copper complexes studied in the paper are
promising candidates for emissive materials of EL devices.
The emission peak of EL (565 nm) originating from complex
1is found at wavelength longer than that of photolumines-
cence (502 nm) in the solid state. Further, the emission
spectrum from the EL device is very similar to that observed
for the 2mTHF solution of the complei) at ~140 K. This
result suggests that the emissive state in the EL device has

‘a conformation close to the flattened structure. Copper

complex1 in the device is superimposed on an amorphous
host layer of CBP. Since the viscosity governs the conforma-

tion of the MLCT excited state, it is likely that the

microscopic viscosity of CBP around compléat 298 K is
roughly equivalent to that of 2mTHF at140 K.

Supporting Information Available: ORTEP diagrams, the
temperature-dependent emission spectra, results of kinetic parameter
analysis,3'P NMR charts, TGA/DTA curves, and a summary of
the refinement details, the resulting agreement factor, and all

increase in temperature. The difference in the peak energystructural parameters of complexes4. This material is available

of emission froml and4 between 150 and 298 K was found
to be almost identical to th&H value obtained. The emission
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