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Four dinuclear and trinuclear Cu(l) complexes that contain 2-(2'-pyridyl)benzimidazolyl derivative ligands including
1,4-bis[2-(2'-pyridyl)benzimidazolyllbenzene (1,4-bmb), 1,3-his[2-(2'-pyridyl)benzimidazolyllbenzene (1,3-bmb), 1,3,5-
tris[2-(2'-pyridyl)benzimidazolylloenzene (tmb), and 4,4'-bis[2-(2'-pyridyl)benzimidazolyl]biphenyl (bmbp) have been
synthesized. The formulas of these complexes are [Cuy(1,4-bmb)(PPhs)s[BF4], (1), [Cuz(1,3-bmb)(PPhs)4][BF4]
(2), [Cus(tmb)(PPh3)e][BF4]s (3), and [Cux(bmbp)(PPhs)4][BF4], (4), respectively. The crystal structures of 2—4 have
been determined by single-crystal X-ray diffraction analyses. The Cu(l) ions in the complexes have a distorted
tetrahedral geometry. For 3, two structural isomers (syn and anti) resulted from two different orientations of the
three 2-(2'-pyridyl)benzimidazolyl chelating units were observed in the crystal lattice. Variable-temperature 'H NMR
experiments established the presence of syn and anti isomers for 1-3 in solution which interconvert at ambient
temperature. Complexes 1-4 have a weak MLCT absorption band in the 350—450 nm region and display a yellow-
orange emission when irradiated by UV light. One unexpected finding is that the yellow-orange emission of complexes
1-4 has a very long decay lifetime (~200 us) at 77 K. An electroluminescent (EL) device using 4 as the emitter
and PVK as the host was fabricated. However, the long decay lifetime of the copper complexes may limit their
applications as phosphorescent emitters in EL devices.

Introduction (OLEDs)#*® Earlier investigations on phosphorescent com-

Phosphorescent transition metal complexes have a widePounds as emitters for OLEDs focus mostly on Ir(lll), Pt-
range of potential applications such as photochemical (1), and Ru(ll) complexes. Highly efficient electrolumines-

catalysts, chemical sensors/probsensitizers in photovol- €Nt devices using Pt(ll) or Ir(lll) complexes as phosphorescent
taic device$ and emitters in organic light emitting diodes dopants have been illustrated by a number of research groups.
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New Phosphorescent Polynuclear Cu(l) Compounds

Phosphorescent Cu(l) complexes have been demonstratei tetrabutylammonium hexafluorophosphate (TBAP) as the sup-
recently by Wang and co-workers to be promising phospho- porting electrolyte and CH#CN as the solvent. The ferrocenium/
rescent emitters in OLEDswhich prompted our interest in ~ ferrocene couple was used as the internal stand&ye-(0.53 V).

the development of new phosphorescent Cu(l) compounds.gjog’g)ez]r[(g':‘*iovn\:grlzxsesr;th[gggf';‘#]ﬁg4g)a2ir"sdof[(l3it‘égﬁ$e’\‘)2'roce
The previously reported .phOSphorescent Qu(l) complexes aredures‘? The‘iigands, :Ly,4-Bis[2-(2pyridyl)benzimidazolyl]benzine
mononuclear green emitters that contain a phenanthroline

. L . (1,4-bmb), 4,4bis[2-(2-pyridyl)benzimidazolyl]biphenyl (bmbp),
N,N-chelate (or its derivative) and two phosphine donors, 1,3,5-tris[2-(2-pyridyl)benzimidazolylJoenzene (tmgnd 1,3-bis-

which have been shown by McMillin and co-workers to play (5. (2pyridylbenzimidazolylJbenzene (1,3-bmb) were synthesized
a key role in stabilizing the Cu(l) centérExcept for the  ysing the methods reported recently by our grdup.
phenanthroline-based Cu(l) complexes, phosphorescent Cu-  synthesis of [Cu(L,4-bmb)(PPh)J[BF 2 (1). A CH,Cl, (8 mL)

(I) compounds that are useful in electroluminescent (EL) solution of [Cu(CHCN)(PPh),]BF, (0.222 g, 0.294 mmol) was
devices remain scarce. Our investigation focuses on newmixed with a CHCI, (5 mL) solution of 1,4-bmb (0.068 g, 0.147
dinuclear and trinuclear Cu(l) complexes based on’'2-(2 mmol), and the mixture was stirredrf@ h atroom temperature.
pyridyl)benzimidazolyl aryl derivative ligands. We have Then, 2 mL of toluene was successfully layered upon the solution.
shown recently that the 2-(pyridyl)benzimidazolyl deriva- ~ Slow evaporation of the solvents and diffusion of toluene into the
tive ligands are blue emitters and are effective chelating CHzClz layer afforded complex as a yellow solid after 2 days
ligands for metal ions such as Pt(HStable red phospho-  (0:201 9, 74% yield)*!P{*H} NMR in CDCl, (9, ppm, 298 K):

; 3.14.'H NMR in CD.Cl, (6, ppm, 298 K): 8.42 (dJ = 5.0, 2H),
rescent polynuclear Pt(ll) complexes based on this class ofs_05 (br s, 2H), 7.77 (br 5, 4H). 7.55 (br s, 4H). 7-4B39 (m.

ligands have been reported recently by us. The red emission20 H), 7.28-7.21 (m, 48H). Anal. Calcd. for GaHso CuBoFsNePs:
from the Pt(ll) complexes was attributed to MLCT transi- 5ol C 66.29; H, 4.37; N, 4.53. Found: C, 66.56: H, 4.42:

tions. The goal of our investigation is to determine if the N 4.go.

2-(2-pyridyl)benzimidazolyl ligands are capable of produc-  gynthesis of[Cuy(1,3-bmb)(PPh).[BF 42 (2). A solution of

ing MLCT phosphorescent emission once they are bound to1,3-bmb (0.026 g, 0.055 mmol) in GBI, (5 mL) was mixed with

the Cu(l) center, how efficient is the emission, what is the a solution of [Cu(CHCN),(PPh),]BF, (0.082 g, 0.110 mol) in CH
emission color, and finally what are their uses in OLEDs. Cl, (5 mL) to produce a yellow solution that was layered with
The results of our investigation including syntheses, structural toluene and hexanes. Yellow crystals were obtained after 3 days
characterization, luminescent, and electroluminescent proper{0.077 g, 76%)>'P{*H} NMR (CDClz, 6, ppm, 298 K): 3.36:H

ties of four new polynuclear Cu(l) complexes are presented NMR in CD:C: (3, ppm, 298 K): 8.40 (br s, 2H), 8.26 (1, =
herein. 8.0, 2H), 8.06 (br s, 2H), 7.83 (d, 8.0, 2H), 7-58.17 (m, 72H).

Anal. Calcd for GoHgoB,CwFgNeP4s: C, 67.52; H, 4.44; N, 4.63.
Found: C, 67.84; H, 4.38; N, 4.84.
Synthesis of [Cu(tmb)(PPhg)g][BF 43 (3). A solution of tmb

All starting materials were purchased from Aldrich Chemical (0.025 g, 0.038 mmol) in CiCl, (5 mL) was mixed with [Cu-
Co. and used without further purification. Solvents were freshly (CHsCN)(PP)2]BF,4(0.086 g, 0.114 mmol) dissolved in GEl,
distilled over appropriate drying reagents. All experiments were (5 ML) to produce a yellow solution. The solution was layered with
carried out under a dry nitrogen atmosphere using standard Schlenioluene and hexanes. Yellow and orange crystals were obtained
techniques unless otherwise stated. Flash chromatography wagfter 4 days (0.065 g, 629%)P{*H} NMR (CD,Cl, 6, ppm, 298
carried out on silica (silica gel 60, 230 mesh)13P{*H} NMR K): 3.33."H NMR in CDCl> (6, ppm, 298 K): 8.40 (br s, 3H),
spectra were recorded on a Bruker Avance 400 or 500 MHz 7.92-7.7.76 (m, 3H), 7.737.58 (m, 6H), 7.537.39 (m, 6H),
spectrometers. Variable-temperatifreNMR spectra forl—3 were 7.30-7.10 (m, 99H). Anal. Calcd for foH11BsCusF12NgPs-CH-
recorded on a 500 MHz spectrometer. Excitation and emission Cl2: 65.54; H 4.30; N, 4.56. Found: C 65.15; H 4.57; N 4.82.
spectra were recorded on a Photon Technologies International Synthesis of [Cu(bmbp)(PPhe)4][BF 4]2 (4). A CH,Cl, (8 mL)
QuantaMaster Model C-60 spectrometer. Emission lifetime was solution of [Cu(CHCN)x(PPh)2]BF4 (0.300 g, 0.40 mmol) was
measured on a Photon Technologies International Phosphorescenmixed with a CHC} (10 mL) solution of bmbp (0.108 g, 0.20
spectrometer, Time-master C-631F equipped with a Xenon flash mmol). Toluene was added. Slow evaporation of the solvents
lamp and digital emission photon multiplier tube using band afforded complex as yellow crystals after 3 days (0.103 g, 89%
pathway of 5 nm for excitation and 2 nm for emission. Elemental yield). 3P{1H} NMR (CD.Cly, 6, ppm, 298 K): 3.18!H NMR in
analyses were performed by Canadian Microanalytical Service Ltd., CDCl, (4, ppm, 298 K): 8.38 (dJ = 4.8, 2H), 8.18 (dJ = 8.4,
Delta, British Columbia, Canada. Cyclic voltammetry was per- 4H), 7.83 (td,J = 8.0, 1.6, 2H), 7.56 (d) = 8.4, 4H), 7.4%7.20
formed using a BAS CV-50W analyzer with a scan rate of 500 (m, 72H). Anal. Calcd for GgHgaB2CloFgNePs: C, 68.61; H, 4.45;
mV s The electrolytic cell used was a conventional three- N, 4.45. Found: C, 68.35; H, 4.44; N, 4.48.
compartment cell, in which a Pt working electrode, a Pt auxiliary ~ X-Ray Crystallographic Analysis. Single crystals of compounds
electrode, and a Ag/AgCl reference electrode were employed. The2—4 were obtained from the mixed solvent solution of either
CV measurements were performed at room temperature using 0.1toluene/CHCI, or toluene/CHCI,/CHCI;. Attempts to grow single

crystals of compound were unsuccessful. Crystals were mounted
(6) Zhang, Q.; Zhou, Q.; Cheng, Y.; Wang, L.; Ma, D.; Jing, X.; Wang, ©On glass fibers for data collection. Data were collected on a Siemens
F. Adv. Mater. 2004 16, 432. P4 single-crystal X-ray diffractometer with a Smart CCD-1000

(7) (a) Cuttell, D. G.; Kuang, S. M.; Fanwick, P. E.; McMillin, D. R,; itao iati i
Walton, R. A.J. Am. Chem. S0@002 124, 6. () Kuang, S. M. detector and graphite-monochromated Ma #adiation, operating
Cuttell, D. G.; McMillin, D. R.; Fanwick, P. E.; Walton, R. Anorg.
Chem.2002 41, 3313. (9) (a) Kubas, G. Jnorg. Synth1979 19, 90. (b) Diez, J.; Falagan, S.;

(8) Liu, Q. D.; Jia, W. L.; Wang, Slnorg. Chem 2005 44, 1332. Gamasa, P.; Gimeno, Polyhedron1988 7, 37.
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Table 1. Crystallographic Data for Compoun@s-4

Jia et al.

2 3 4
formula GiaeHoeNe P4FsB2Cln Cis6H128N9F12PsB3ClsCus Cr1H100N6FsB2CliePsClp
fw 1998.57 2940.77 2629.77
space group P2/c P1 P1
a, 15.941(7) 13.444(4) 10.753(4)
b, A 10.920(5) 17.235(6) 12.997(5)
c A 29.012(13) 30.922(10) 21.737(9)
o, deg 90.00 92.044 96.050(7)
B, deg 98.577(8) 101.857(6) 92.137(8)
y, deg 90.00 96.359 100.115(7)
vV, A3 4994(4) 6972(4) 2969(2)

Z 2 2 1

Deal, g CNT3 1.329 1.401 1.471
u,cmt 5.58 6.91 8.37
20max deg 56.86 56.72 56.68
no. of refins measd 34315 42390 17180
no. of reflns used 11660 28402 11686
(Rnt) (0.1080) (0.0606) (0.0335)
no. of params 604 1705 699
final R[l > 20(1)]

R12 0.0721 0.0991 0.0684
WR2 0.1660 0.2168 0.1659
R (all data)

R12 0.2471 0.2400 0.1367
wR2® 0.2124 0.2692 0.1894
GOF onF2 0.769 1.014 0.756

aR1 = S[|Fo| — IFcl/ZIFol. "WR2 = {J[W(Fo? — FAV/Y (WFA}2 w = 1/[03(F?) + (0.07%)?], whereP = [max(F.2,0) + 2F2/3.

at 50 kV and 30 mA at 23C for 2 and at—93 °C for 3 and4. No Table 2. Selected Bond Lengths (A) and Angles (deg)

significant decay was observed for all samples. Data were processed Compound?

on a PC using the Bruker SHELXTL software pack&deersion Cu(1)}-N(2) 2.063(5) N(2)-Cu(1)-N(1) 78.3(2)
5.10) and were corrected for Lorentz and polarization effects. gﬂg)):';g)) 22';75%%5()18) '?'\I((zggﬂg)):ggg igg;ggg
Compound2 belongs to the monoclinic space groBg/c, while Cu(1)-P(2) 2.2564(19) N(2}Cu(1)-P(2) 115.86(13)
compounds3 and4 belong to the triclinic space grolgl. Solvent N(1)—Cu(1)-P(2) 105.85(14)
molecules were located in the crystal lattice for all three compounds. P(1)-Cu(1)-P(2) 124.66(7)
For 2, each molecule cocrystallizes with two toluene solvent Compound

molecules. FoB, 2.5 CHCIl; and 0.5 toluene solvent molecules  cy(1)-N(1) 2.063(6)  N(1}Cu(1)-N(2) 79.4(2)
per molecule of3 were located. Fod, one toluene, four CHG| Cu(1)-N(2) 2.155(6)  N(1)Cu(l}-P(3)  112.46(17)
and two CHCl, solvent molecules cocrystallized with each Cu(1)-P(3) 2.234(2)  N(rCu(1)}-P(3)  114.34(16)
molecule. All toluene solvent molecules2r-4 are disordered and gﬂg);:zgi)) 223753(?(%) 'N\'((ggﬂg);ggg; igg'éggg
could not be fully modeled. The Bfanions in all compounds were ¢y 2)-n(s) 2.124(6) P(3}Cu(l)-P(5)  128.68(8)
also found to display disordering and were refined successfully. cu(2)-pP(6) 2.237(3)  N(4-Cu(2-N(5) 80.2(2)
One of the phenyl groups of the PAlgands in2 and 3 displays Cu(2)-P(4) 2.252(2)  N(4yCu(2-P(6)  116.85(19)
rotational disordering. One of the 2-@yridyl)benzimidazolyl units gﬂgg)):gg)) %2353;((5) "i‘l((?&gﬂg)):gggg iég'ggggg
in 3 (the one that is bound to the Cu(3) atom) is disordered over Cu(3)-P(2) 2:246(3) N(5) Cu(2)-P(4) 108:55(18)
two sites with 50% occupancy for each site. The disordering of cu(3)-N(94) 2.293(13) P(6)Cu(2)-P(4) 127.28(9)

this unit was modeled successfully. However, due to the disordering, N(7A)—Cu(3)-P(1) 119.1(4)

the Cu(3)-N bond lengths are not accurate. The biphenyl unitin P(1)-Cu@@)-P(2) ~ 132.93(10) N(ACu@)-P(1)  110.0(4)

4 also displays disordering over two sites with 50% occupancy gg;:gﬁg)z'\l\l((gg) 182;((?) N((;’)A_ES(%()QLEF;()Z) ﬂgg’gg

factor for each site. Most nonhydrogen atoms except the disordered p(2)-cu(3)-N(9a)  101.7(3)

ones in2—4 were refined anisotropically. All hydrogen atoms Compound

except those on disordered carbon atoms were calculated, and their

contributions in structural factor calculations were included. The gﬂ(i)):mgg g:ggiggg Hg;gﬂ&tgg; ﬂg?ggg

crystallographic data are given in Table 1. Selected bond lengths cuy(1)-p(1) 2.2466(15) N(B Cu(1)-P(2) 112.86(12)

and angles for complexes-4 are listed in Table 2. Cu(1-P(2) 2.2530(17) N(2Cu(1y-P(2) 106.81(12)
Quantum Yield Measurements.The absolute photoluminescent Z((i)f_%%((ll)f_i‘((zz)) 1725-352((15%)

guantum yields of all Cu(l) complexes doped in PMMA films (20%
complex:80% PMMA by weight) were measured at ambient  Fabrication of Electroluminescent Devices.The EL device
temperature using a commercial fluorimeter in combination with using compound as the emitter was fabricated on an indiutim
an integration sphere according to the literature procetture. oxide (ITO) substrate, which was cleaned by an ultraviolet ozone
cleaner immediately before use. The solution for spin-coating was
(10) ’AS‘rt|alill_ti)§;||_)(Nr';yCSr))//sSttz;ImStlraurﬁtlijerl(’eAAXnSa_Iy:/iEjl dFi)saoCrll(a\?\?I’ l/geg;sion 5.10, mz;l/d)e #E of trlle _CHGIsquti.on of PVK andI _ltzooml:lJound (22:0200

. g ) : : Sy i wt%). This solution was spin-cast onto an glass at rpm.
(11) (&) Palsson, L-O.; Monkman, A Rdy. Mater. 2002 14, 757 (b) The hole-blocking layer, F-TBB (1,3,5-tris(luorobiphnenyl-4-

Mello, J. C.; Wittmann, H. F.; Friend, R. HAdv. Mater. 1997, 9, ;
230. yl)benzene), and the electron-transport layer s;Algere deposited
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New Phosphorescent Polynuclear Cu(l) Compounds

Chart 1
N N
| Ny N
7\
N N—@—N SN N=, @
N N N
7
N/ | N \N
. tmb
1,4-bmb
7\ ®
4
N=, \ ~Z N
N N N
/ OO
N % "N H N c50)
NP Figure 1. A diagram showing the structure @f For clarity, all carbon
| atoms are shown as ideal spheres and all hydrogen atoms are removed.
1.3-bmb S bmbp The full ellipsoid diagram can be found in the Supporting Information.
Chart 2

by vacuum. The cathode composed of LiF and Al was deposited 0
on the substrate by conventional vapor vacuum deposition. The N N\c/
triple-layer device with the structure of ITO/PKV4 (~60 nm)/ N “\

N N
F-TBB (15 nm)/Alg (15 nm)/LiF (1.0 nm)/Al (15 nm) was | Ns N@/N SR NHQ/ —
fabricated. The active device area is k(.0 mn?. The current/ cu NN\ /u\N/
voltage characteristics were measured using a Keithley 238 current/ o : N |
~

voltage unit. The EL spectra and the luminance for the devices

were measured by using a Photo Research-650 Spectra Colorimeter. ) ] ] . o
of the relative orientation of the two 2-¢pyridyl)benzimi-

Results and Discussion dazolyl groups with respect to the central benzene plane. In
the crystal structure, these two units are oriented anti to each
other (structureB, Chart 2). The other possible orientation

is A where the two 2-(2pyridyl)benzimidazolyl groups have

A B

Syntheses and StructuresThe organic ligands used in
this study are 1,4-bmb, 1,3-bmb, tmb, and bmbp, which were
synthesized by using a Ullmann condensation procedure .
reported recently by our grodpl he structures of these four a syn arrangement and are related by a mirror plane

ligands are shown in Chart 1. These molecules have beersYMMmetry. Although the crystal structure df was not
found to be excellent chelate ligands for binding to Cu(l) determined, similar syn and anti isomers as depicted in Chart

ions. The reactions of these ligands with the stoichiometric 2 &€ also possible. In fact, we have observed that, for Pi(ll)
amount of [Cu(CHCN),(PPh),][BF 4] resulted in the isola- ~ cOmplexes [(PtPhx(1,3-bmb)] and [(PtPA(1,4-bmb)], both
tion of the corresponding yellow crystalline Cu(l) complexes, SYN @nd anti isomers coexist in solution at ambient temper-
[Cus(L,4-bmb)(PPY.IBFAl> (1), [Cus(L,3-bmb)(PPH.J- ature an.d they onlylnt(_arconvert at k_ngh temperaﬁm,mh
[BF.]2 (2), [Cus(tmb) (PPR)EJ[BF 45 (3), and [Cu(bmbp)- was attributed to the hindered rotation of the 24§2ridyl)-

(PPh)J[BF.]» (4), respectively in good yields. Compounds benzimidazolyl chelate unit. To determine if the syn and anti
1—4 are stable in solution under air. For compouidst isomersA andB coexist in solution forl and2, we carried

i 1
single crystals that are suitable for X-ray experiments were OUt Variable-temperatuféP{*H} NMR for both compounds.

3
obtained and their structures were therefore determined by!n the temperature range of 29883 K, only one®P
single-crystal X-ray diffraction analysis. chemical shift was observed for both compounds (no free

The structure of the cation @is shown in Figure 1. The PP peak was observed), which could be explained by the

Cu(l) ion has an approximately tetrahedral geometry with existencglof one isomer. On the other hand, itis also possible
two terminal PPh ligands and one 2-(pyridyl)benzimi-  that the*'P chemical shifts for thé and B isomers are
dazolyl chelate. There is a distinct difference between the SIMilar, hence indistinguishable, which is in fact the case as
two Cu—N bond lengths: the Cu(HN(L) (pyridyl) bond confirmed by a variable-temperatutd NMR experiment.

length (2.176(5) A) is much longer than that of Cug(2) | e variable-temperatuféi NMR spectra forl are shown
(imidazolyl, 2.063(5) A), indicating that the imidazolyl N Figure 2. At 298 K, one set of broad chemical shifts were

nitrogen atom is a stronger donor than that of the pyridyl observed for the 2-(pyridyl)benzimidazolyl unit of the

ring. The same trend was also observed for the structures Oicomplex: As th? temperature was lowered, two d'SthF Sets
3 and 4 (see Table 2). The 2-(@yridyl)benzimidazolyl of chemical shlﬂg with~1:1 ratio were obse_rved, whlch
chelate plane is approximately perpendicular to the central supports the cqemstence of theandB ISOmErs in solution.
benzene plane due to steric interactions between the pyridylThe A and B isomers undergo a dY”a.m'C exchange a_t
ortho hydrogen atom and those of the central benzene ring_temperatures above 203 K. The activation energy Olf this
The Cu(1)-Cu(1A) separation distance is 9.82(1) A. exchange process farwas estimateld to be~61 kJ mot

The molecule of2 possesses a Cry.SIa”()graphlcally Im- (12) Williams, D. H.; Fleming, |.,Spectroscopic Methods in Organic
posedC, symmetry. TheC, symmetry is the consequence Chemistry 4" ed.; McGraw-Hill: London, 1987.
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Figure 2. Variable-temperaturéH NMR spectra forl showing part of
the aromatic region.

IR

Figure 3. A diagram showing the structure &f For clarity, only one
orientation of the disordered groups (the N(9a) 2-Py-benzimidazolyl ring
bound to Cu(3), and the C(94) phenyl ring) is shown, hydrogen atoms are
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basis of the crystal structural data, we believe that compound
3 exists as a 1:1 mixture of the isomeksandB in the solid
stateXH NMR study indicated that these two isomers coexist
in solution and undergo interconversion at ambient temper-
ature, which is consistent with the behavior2ddnd3. Due

to the complexity of théH NMR spectra of3, we have not
been able to estimate the activation energy. Similar isomer-
ization was also observed in the related Pt(ll) compound
(PtPh)s(tmb) 8

The structure of compound is shown in Figure 4. The
molecule of 4 possesses a crystallographically imposed
inversion center symmetry that relates the two Cu(1) units.
The coordination environment around the Cu(l) center is
similar to that observed i2 and 3. The Cu(1)-Cu(1A)
separation distance, 17.32(2) A, is much longer than those
in 2 and3 due to the increased length of the biphenyl linker
in the ligand. Because of the free rotation around theCC
bond in the biphenyl unit, no structural isomerism similar
to those observed i@ and 3 is present fod.

The N—=Cu—N bite angles in compounds-4 range from
76.7(5) to 80.2(2) and the P-Cu—P bond angles from
124.66(7) to 132.93(10) The average (788 of the
N—Cu—N angles is a few degrees smaller than‘thait[Cu-
(Phen)(PP¥,]™ (80.90(9)), and the average (127)%f the
P—Cu—P bond angles is much larger than tRaif [Cu-

omitted, and all carbon atoms are shown as ideal spheres. The (:omplete(Pheﬂ)(F’Pii)z]Jr (115.44(43), which can be explained by the

structure with thermal ellipsoids is provided in the Supporting Information.

by using the two chemical shifts at the 7.8.1 ppm region
and the coalescence temperature of 298 K. Variable-
temperature’H NMR experiments also confirmed the
coexistence of isomerA and B in solution for 2 with a
similar activation energy barriery62 kJ mof™.

Compound3 contains three Cu(l) centers each of which
is chelated by a 2-(yridyl)benzimidazolyl unit and further
coordinated by two PRHigands in the same manner as in
2 (Figure 3). The CuCu separation distances are Cu{1)
Cu(2) 12.75(1) A, Cu(>Cu(3) 10.27(1) A, and Cu(d
Cu(3) 10.25(1) A, respectively, which are, on average, much
longer than that in2, clearly caused by the increased
congestion of ligands i8. One important feature is that the
2-(2-pyridyl)benzimidazolyl unit chelated to the Cu(3) center
has two different orientatiorsA where it orients in the same
direction as the other two 2-(pyridyl)benzimidazolyl units
andB where it orients in the opposite orientation with respect
to the other two 2-(2pyridyl)benzimidazolyl units (see Chart
3). Crystallographically, this is manifested as a two-site
disordering (see figures in Supporting Information). On the
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increased steric congestion 2a-4.

Spectroscopic and Electrochemical PropertiesThe
absorption spectra of the free ligands 1,4-bmb, bmbp, 1,3-
bmb, and tmb are similar with two absorption bands.ak
~ 230 and 300 nm, attributed to the — z* transition
centered on the 2-(pyridyl)benzimidazolyl unit$.In CH,-

Cly, the absorption spectra of complexes4 have similar
features as the ligands. However, in addition to the high-
energy absorption bands, all complexes have a weak and
broad low-energy shoulder band in the 3350 nm region

eGE)s

Figure 4. A diagram showing the structure ef with 50% thermal
ellipsoids. For clarity, only one orientation of the disordered biphenyl group
is shown and all hydrogen atoms are omitted. The complete diagram is
provided in the Supporting Information.



New Phosphorescent Polynuclear Cu(l) Compounds
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Figure 5. UV—vis spectra of bmp and the compléxn CHCls.
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Figure 6. The MLCT region of the UV-vis spectra ofl in CH.CI, and
CHsCN, respectively, recorded using the same concentration.

(Figure 5), which accounts for the yellow color of the
complexes. This low-energy transition band resembles the
MLCT band observed ih [Cu(Phen)(PP),|BF,. It is
therefore attributed to MLCT transfer transitions involving
the N,N-chelate ligand and the Cu(l) ion. The MLCT band
of 1—4 shifts toward a shorter wavelength in the polar solvent
CH3CN, as shown by Figure 6, which is consistent with the
behavior of Cu(l) phenanthroline complexes.

In CH3CN solution, complexed—4 display a broad and
irreversible oxidation peak with the peak height at 1.883 (
1.67 @), 1.79 @), and 1.71 V 4), respectively. A poorly
resolved shoulder peak is also observedifgat ~1.35 V)
and for4 (at~1.45 V). We believe that the broad oxidation
peak of the complex likely involves multiple electron-transfer
originating from the chelate ligand and the Cu(l) center. The
electrochemical behavior af—4 resembles that of [Cu-
(Phen)(PP¥),]BF, reported by McMillin and co-workers
where a irreversible oxidation peak was obserVedwever,
the oxidation potential of the [Cu(Phen)(RRHBF4 com-
plex is much lower than those observed fbr4, which
indicates that the HOMO level of complex&s4 is much
deeper than that of [Cu(Phen)(RRIBF,4. Furthermore, the
electrochemical data appear to support that the HOMO level
of the complexes has contributions from both ligand and the
Cu(l) center. A reversible reduction peak-aR.0 V was
observed for all four complexes which can be attributed to
the reduction of the chelate ligand.

When irradiated by UV light, the free ligands emit a weak
purple/blue color withdmax ~ 365-415 nm in CHCI,

(13) Kirchhoff, J. R.; McMillin, D. R.; Robinson, W. R.; Powell, D. R;
McKenzie, A. T.; Chen, Slnorg. Chem.1985 24, 3928.
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Figure 7. The emission spectra df~4 in PMMA films.

solution at ambient temperature, which were assigned to
fluorescent emissions originating from a ligand-centeted
— q* transition® At 77 K, a broad phosphorescent emission
band for all free ligands in the 46650 nm region with
Amax ~ 500 nm in CHCI, was observed. The decay lifetime
of the phosphorescent emission of the free ligands was found
to be in the range of 7.0(3)13.2(1)us. In contrast to the
behavior of the free ligands, complexgésand 4 display a
weak yellow-orange emission in solution such as THF and
CHCI, while 2 and 3 do not have any detectable emission
in solution at ambient temperature. When doped into a
polymer matrix such as PVK or PMMA, these compounds
display fairly bright yellow-orange luminescence when
irradiated by UV light at ambient temperature. The PMMA
film emission energy ofl—4 at ambient temperature is
similar with theAmax at 535-550 nm as shown in Figure 7.
At 77 K, there is a 1620 nm red shift in emission energy
for the PMMA film (Table 3). The emission spectrabf4
in CH,Cl, at 77 K resemble those of the PMMA film. Using
an integration sphere, the absolute emission quantum yield
of complexesl—4 (doped in PMMA, 20%: 80 wt%) was
measured to be 11%, 17%, 12%, and 15%, respectively,
which are comparable to taof [Cu(Phen)(PP§),][BF ]
(14%). One thing we observed is that the phosphorescent
emission band of the free ligands only partially overlaps with
the MLCT absorption band of the metal complexes, which
may explain the relatively low quantum efficiency of
complexesl—4. The decay lifetimes of complexds-4 at
77 K in CHCl, and in PMMA were determined by using a
time-resolved phosphorescent spectrometers. Most the decay
curves are fitted well with a single component200 us).
For those that displayed a small deviation from the single-
component fit, two components were used, which generated
a long decay lifetime (the dominating one) and a relatively
fast decay lifetime. The long decay lifetime displayed by
the Cu(l) complexes, characteristic of triplet state emission,
is much longer than th&at of [Cu(Phen)(PP%),][BF ], which
may hinder their use as emitters in EL devices.
Electroluminescent Device of 4.Compound4 was
selected as a representative example for the investigation of
electroluminescent properties of the Cu(l) complexes because
of its relatively high solubility, good film forming properties
with PMMA, and its relatively short decay lifetime in

Inorganic Chemistry, Vol. 44, No. 16, 2005 5711



Jia et al.

Table 3. Absorption and Luminescent Data ftr4

emiss Amax,NM T (us)
absorp2nm in DCM2 in PMMA in PMMA in DCM in PMMA
comp. Amax(e, M~Tecm™1) 77K 77 Kb rtb @ 77K 77K

1 240 (69,694), 264 (61,156), 557 556 546 11 211(1) 196(2)

320 (40,851), 380 (8,394)
2 234 (63,104), 264 (43,878), 561 556 535 17 99(4), 279(5) 112(10), 349(17)

320 (27,730), 386 (4,668)
3 232 (93,029), 262 (72,418), 558 570 547 12 241(1) 263.4(7)

312 (38,016), 388 (5,567)
4 232 (93,813), 266 (78,507), 561 563 550 15 74(5), 220(7) 188(1)

322 (42,322), 380 (8,271)
a[c] = 1075 M. 20 wt% in PMMA.
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Figure 8. The PL spectrum oft in PVK and the EL spectrum of the
device.

PMMA, compared to compounds-3. The EL device was Figure 9. TheL—V and current efficiencyV characteristics of the EL
fabricated by spin-coating a compouPVK blend (20:80  9eVice:

wt%) in CH,Cl; to the ITO substrate. The choice of PVKas 5 o _nyrigyl)benzimidazolyl unit. Therefore, to dramatically

the host material is based on the fact that PVKis an excellentjnhrove the performance of the EL devices, further chemical
hole transport molecule and its emission band is near 400

: - ) modifications on the chelate ligands are necessary.
nm, which overlaps with the MLCT absorption band of |, symmary, four dinuclear and trinuclear Cu(l) complexes
complex4. A hole blocking layer F-TBB to prevent the  paged on bmb, tmb, and bmbp ligands that either display a
exciton formation within the Alglayer (F-TBB= 1,3,5-  jinear shape or a star shape have been synthesized and fully
tris(4-fluorobiphnenyl-4-yl)benzene, 15 nm) was deposited cparacterized. These complexes have a good stability in
on top of the4/PVK layer by vacuum deposition. The

X solution and in the solid state. Except compfexvhich has
electron transport layer Al15 nm) was deposited on top 5 4 4-piphenyl linker in the chelate ligand, these complexes
of the F-TBB layer by vacuum. Finally,

_ the cathode layer yispiay syn and anti structural isomerism caused by the
LiF (1 nm) and Al (15 nm) were deposited on top of the ' pinqered rotation of the 2-@yridyl)benzimidazolyl chelate
organic layers by thermal evaporation. The device produced, i somer interconversion occurs in solution at ambient
a orange emission which matches very well with the PL {emperature. Yellow-orange luminescence due to MLCT
spectrum of thel/PVK blend film (imex= 580 nm), as shown  ansitions has been observed for all complexes. These new
in Figure 8. No PVK or Alg emission was observed. omplexes display exceptionally long decay lifetimes which
However, as shown by the-V and the current efficieneyV. 3y hinder their uses as emitters in EL devices as demon-

data in Figure 9, the EL device dfis not bright and the  gyated by the poor performance of the EL device based on
efficiency is low. The long decay lifetime of the triplet state complex4. On the other hand, the long decay lifetime of

emission and the relatively low photoluminescent quantum 1_ 4 may render them as good candidates for photochemistry
efficiency of compound may be partially responsible for 5 jications, which will be examined in our laboratory.

the low EL efficiency of the device. As noted by Wang and Acknowledgment. We thank the Nature Sciences and
co-workers, the EL performance of [Cu(Phen)(DPEphos)]- Engineering Research Council of Canada for financial
[BF4], DPEphos= bis[2-(diphenylphosphino)phenyl]ether, support.

?S WUCh better than that O.f _[Cu(Phen)(BB]{lBH] due to Supporting Information Available: 'H NMR spectra of

'FS '_ncreased quantum eff',c'e”CY ar‘!d the shortened decaycomplexes?_ and3 at ambient and low temperature, complete crystal
lifetime.® We are currently investigating if the replacement g cyral diagrams with labeling and X-ray diffraction dataZe,

of the PPR ligand by the DPEphos ligand can significantly  including tables of atomic coordinates, thermal parameters, bond
improve the properties of our Cu(l) complexes and the details |engths and angles, and hydrogen parameters. This material is
will be published in due course. The exceptionally long decay available free of charge via the Internet at http://pubs.acs.org.
lifetime of complexesl—4 is clearly associated with the 1C0504893
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