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Two neutral pyrazolato diimine rhenium(l) carbonyl complexes with formula [Re(CO)s(N-N)(btpz)] where N-N =
2,2'-bipyridine (1) and 1,10-phenanathroline (2), and btpz = 3,5-his(trifluoromethyl) pyrazolate, were synthesized
and characterized by elemental analysis, routine spectroscopic methods, and single-crystal X-ray diffraction study.
Ground and excited state properties of these complexes were investigated by steady-state and time-resolved
spectroscopies. Complexes 1 and 2 show photoluminescent emission in both solution and solid-state at room
temperature, arising from metal to ligand charge-transfer (MLCT) transition with strong overlapping of intraligand
m — gr* transitions. The long-lived excited state lifetimes of complexes 1 and 2, which are on the order of
microseconds, indicate the presence of phosphorescent emission. As these complexes hold the potential to serve
as phosphors for organic light-emitting diodes (OLEDs), their electroluminescent performances were evaluated by
employing them as dopants of various electron transport layer (ETL) or hole transport layer (HTL) hosts. For
complex 1, a green electrophosphorescence emission centered at Anax = 530 nm was observed at low turn-on
voltage (~6 V) with luminous power efficiency of 0.72 Im/W, external quantum efficiency of 0.82%, and luminance
of 2300 cd/m? at a current density of 100 mA/cm?.

Since the pioneering work done by Tang and VanSlyke, complexes and even the rare-earth complexes containing Tb-
who first used tris(8-hydroxyquinoline) aluminum (A)jgo (1) and Eu(lllY metal ions; most of them have shown
fabricate organic light-emitting diodes (OLEDS), the design bright emissions covering a broad spectrum of all visible
and synthesis of other metal-containing luminophores haswavelengths. In the meantime, metahelate compounds
become the aim of many current research endeavors.involving 5d-transition metal elements have also received
Recently, this research has been extended to the Be(ll)
B(IIN), 3 Al(lT), 4 Cu(l),> Zn(Il),® and Ru(lly metal-chelate
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increased attention, simply because this class of compoundsscheme 1

provides good phosphorescent emitters, where strong-spin
orbit coupling would enhance the singtdtiplet mixing,
affording a fairly long-lived excited state with high emission
quantum efficiencies. Theoretically, the devices prepared

using these phosphorescent heavy metal complexes would

display efficiency 3-4 times better than that of devices based
on fluorescent materials.

Vo AR [\<
\ N N /6 CFy o N/N
bpy btpz

electronic states responsible for luminescence in these Re-

This high expectation on the enhanced internal quantum (I) complexes were then assigned to a mixture of a metal-

efficiency has initiated more investigations on the metal
complexes involving iridiunt® osmium!! and platinun?

from which many light-emitting devices have been success-

fully fabricated. With the aim of further extending the scope,
efforts have now been focused on the Re(l) analogties,
which the @& electronic configuration is identical to that of
the corresponding Os(Il) and Ir(lll) systems. Thus, they are

to-ligand charge-transfer (MLCT) state and an intraligand
charge-transfer staté.

In this article, we wish to report the synthesis and
characterization of two related Re(l) complexes, [Re(£0)
(N-N)(btpz)], where N-N= 2,2-bipyridine (bpy) () and
1,10-phenanathroline (pherd)( and btpz= 3,5-bis(trifluo-
romethyl) pyrazolate. It is believed that the fluorinated

anticipated to show electroluminescence in the solid-state, asubstituents on the btpz ligand will reduce the vibrational

mandatory feature for real-world OLED applications.
Among the various Re(l) complexes reported in the
literaturel* one particular example is the chelate complex
fac{Re(CO}(N-N)(X)], where N-N = diimine and X=
halides, which is known to exhibit phosphorescent emission,
and its photophysical properties can be tailored by varying
the nature of the light-emitting ancillary ligantfs.The
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relaxation of excited states and increase the volatility that
aids future device processing. In addition, the electrolumi-
nescence (EL) properties of complexesnd 2 have been
explored, and a number of strategies have been employed
for the fabrication of the respective OLEDSs.

Experimental Section

General Information and Materials. All synthetic manipula-
tions were performed under,tmosphere using standard Schlenk
technique. All solvents were dried before use, using the appropriate
drying reagents. R€CO),o was purchased from Strem Chemicals,
and the diimine ligands 2;dipyridine and 1,1phenanthroline
(Aldrich) were used as received. Rhenium carbonyl complexes [Re-
(COXBI],17 [Re(COXx(bpy)Br],t® and [Re(COYphen)BrI® were
prepared according to literature methods. For the spectroscopic
identification, the labeling of the bpy, phen, and btpz ligand is given
in Scheme 1.

Mass spectra were obtained on a Thermo Quest FINNIGAN
MAT 95-XL instrument operating in electron impact (El) mode.
1H, 13C, and'®F NMR spectra were recorded on a Varian Mercury-
400 or an Inova-500 instrument; chemical shifts are quoted with
respect to internal standard tetramethylsilane'fband3C NMR
and CFC}{ for 1°F NMR data. Elemental analyses were carried out
at the NSC Regional Instrumentation Center at National Cheng
Kung University, Tainan, Taiwan. IR spectra were recorded on a
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Perkin-Elmer 2000 FT-IR spectrometer. Electronic (JWs) and solvent was evaporated. The sodium salt of btpz ligand was
absorption spectra were recorded on a Hitachi U-3300 spectropho-redissolved in toluene and poured into a suspension of [RefCO)
tometer. (bpy)Br] (0.9 g, 1.8 mmol) in toluene solvent (30 mL). The resulting

Emission spectra were recorded on a Jasco FP777 fluorescenceeaction mixture was allowed to reflux for 6 h. After the solution
spectrophotometer. The solid thin film samples were deposited onwas cooled to room temperature, solvent was removed in vacuo.
a Pyrex glass plate by spin-coater (750 rpm) from a highly Excess (btpz)Na was removed after washing with hexane. The crude
concentrated solution in GBI, (~5 mg/0.5 mL), which were dried solid was dissolved in CiCl, (250 mL), and the mixture was
in a vacuum oven for 6 h. For preparation of the liquid samples, filtered through Celite to remove insoluble sodium bromide. The
the solutions were deaerated by at least three successive-freeze filtrate was evaporated to dryness. The yellow solid material was
pump-thaw cycles. The luminescence lifetimes were measured then purified by sublimation (159C/400 mTorr), giving 0.95 g of
using a single photon counter (Edinburgh Analytical Instruments, [Re(CO)}(bpy)(btpz)] @, 1.51 mmol, 85%).

Model OB 900) with a nanosecond;hulsed lamp as the light Spectral data of: MS (El, 70 eV,m/et, M = [Re(CO}(bpy)-
source, and the excited state lifetimes were measured from solid(ptpz)]), observed (actuafyelative abundange/assignment]: 630
thin film samples. The luminescence quantum yields were measured(ggo){%.]} [M], 602 (602){23.8 [M — CO], 574 (574X 7.6}

by comparing fluorescence intensities (integrated areas) of a|m — 2C0], 546 (546) 100 [M — 3CO]. *H NMR (500 MHz,
standard sample (quinine sulfate) and the unknown sample accord-cp,CN): ¢ 9.0 (d, 2H,3Ju, = 5.0 Hz, H), 8.36 (d, 2H3J4y =

ing to the following equation: 8.5 Hz, H), 8.16 (td, 2H 30 = 7.9 Hz, 40wy = 1.0 Hz, H), 7.56
(td, 2H,3J4y = 6.5 Hz,%yn = 1.0 Hz, H), 6.56 (s, 1H, H). 13C
DD, = F-A(n)IF-A,)° NMR (125 MHz, CDCN): ¢ 198.0 (CO), 193.9 (CO), 157.9 (2C,

2), 154.5 (2C, 6), 142.5 (q, 1@)cr = 35.6 Hz,0), 142.3 (q, 1C,
whereF, andF, are the integrated fluorescence intensities of the 2Jcr = 36.6 Hz,y), 141.0 (2C, 3), 128.0 (2C, 4), 124.2 (2C, 5),
unknown sample and the reference material, quinine sulfiatnd 122.8 (q, 1CNcr = 267.7 Hz, CR), 122.7 (q, 1CJcr = 267.7
A, are the absorbances of the unknown sample and quinine sulfateHz, CF), 104.8 (1C ). F NMR (470 MHz, CRCN): ¢ —57.2
at excitation wavelength of 366 nm, ady is the quantum yield ~ (3F, CR), =61.4 (3F, CFk). IR (CHCly): »(CO) 2028 (s), 1923
of quinine sulfate and is taken as 0%3The 5, and %, are the (br) cm™. Anal. Calcd for GgHoFeN4OsRe: C 34.34, H 1.44, N
refractive indices of the solvents. 8.90. Found: C 34.32, H 1.79, N 8.81%.

Cyclic voltammetry measurements were conducted on a volta-  Synthesis of [Re(COj(phen)(btpz)] (2). The synthetic proce-
mmetric analyzer (CH Instruments, Model 830) with a polished Pt dure is essentially the same as thatfoexcept 1,10-phenanthroline
plate as the working electrode, Pt mesh as the counter electrodewas taken to replace the 2Ripyridine ligand. The yellow solid
and a commercially available saturated calomel electrode (SCE)material was then purified by sublimation (168/400 mTorr),
as the reference electrode, at a scan rate of 0.1 V/s. Thegiving 1.0 g of [Re(COYphen)(btpz)] 2, 1.53 mmol, 90%). Single
voltammograms were recorded using £ and CHCN sample crystals suitable for X-ray diffraction analysis were recrystallized
solutions with~1073 M of 1 and2, and 0.1 M ofn-tetrabutylam- from a saturated C}LI, solution at room temperature.

monium hexafluorophosphate (TBAH) as the supporting electrolyte.  gpectral data a2: MS (El, 70 eV,m/e*, M = [Re(CO)(phen)-
Prior to each electrochemical measurement, the solution was purgedptpz)]), observed (actuafyelative abundangefassignment]: 654
with argon for~10—-15 min to remove the dissolved,@as. (654){57.8 [M], 626 (626){61.4 [M — COJ, 598 (598)5.5}
OLED Device Fabrication. The charge-transporting materials [\ — 2C0], 570 (570103 [M — 3CO].*H NMR (500 MHz,
NPB (4,4-bis[N-(1-naphthyl)N-phenylamino]biphenyl), CBP (44 CD,CN): 6 9.39 (dd, 2H3Juy = 5.0 Hz,%J4 = 1.5 Hz, H), 8.69
dicarbazolyl-1,xbiphenyl), TPBI [2,2,2"-(1,3,5-benzenetriyl)tris- (dd, 2H,334y = 8.5 Hz,%Jun = 1.5 Hz, HY), 8.07 (s, 2H, H), 7.89
(1-phenyl-1H-benzimidazole)], and Alq [tris(8-hydroxyquinoline)  (dd, 2H,3J,, = 8.0 Hz,%Juy = 5.0 Hz, H), 6.45 (s, 1H, H). 13C
aluminum] were synthesized according to literature procedures andNMR (125 MHz, CRCN): 6 197.9 (CO), 193.9 (CO), 154.9 (2C,
sublimed at least twice through a temperature-gradient sublimation 2) 148.7 (2C ), 142.4 (q, 1C2Jce = 35.9 Hz,«), 142.2 (q, 1C,
system. Prepatterned ITO substrates with a resistividp /00 2)ee = 36.2 Hz,y), 140.1 (2C/4), 131.4 (2C,b), 128.4 (2C5),
and an effective individual device area of 3.14 fwere cleaned 126.8 (2C,3), 122.7 (g, 1C1cr = 268.2 Hz, CK), 122.6 (g, 1C,
by sonication in detergent solution, water, and ethanol sequentially. 13.. = 267.1 Hz, CF), 104.6 (1C#). 19F NMR (470 MHz, CD-
After being blown dry with nitrogen, the ITO substrates were treated cn): ¢ —57.1 (3F, Ck), —61.6 (3F, CR). IR (CH,Cl,): »(CO)

with oxygen plasma for 1 min before being loaded into the vacuum 2029 (s), 1923 (br) ci. Anal. Calcd for GoHsFeN4OsRe: C 36.76,
chamber. The various organic layers were deposited sequentiallyy 1,39 N 8.57. Found: C 36.73, H 1.72, N 8.49%.

at a rate 0f~0.1-0.3 nm/s under a pressure-e2 x 10°° Torr in
an Ulvac Cryogenic deposition system. An alloy of magnesium
and silver (ca. 10:1 by weight, 50 nm) was deposited as the cathode
which was capped with 100 nm of silver. The currembltage—-
luminance was measured in ambient with a Keithley 2400 Source
meter and a Newport 1835C Optical meter equipped with 818ST
silicon photodiode.

Synthesis of [Re(CO)(bpy)(btpz)] (1). Sodium hydride (0.088
g, 3.69 mmol) in THF (15 mL) was taken in a 50 mL round-bottom
flask. To this was slowly added 0.58 g of (btpz)H (2.85 mmol)
dissolved in 10 mL of THF until the evolution of hydrogen gas
had stopped. After 30 min, excess sodium hydride was filtered,

X-ray Crystallography . X-ray diffraction data were measured
on a Bruker SMART CCD diffractometer using(Mo Ka)
radiation, 0.7107 A at 295 K. The data collection was executed
using the SMART program. An empirical absorption was based
on the symmetry-equivalent reflections and applied to the data using
the SADABS program. The structure was solved using the
SHELXTL-97 progrant! The crystallographic refinement param-
eters of2 were summarized in Table 1, while the selected bond
distances and angles were given in Table 2.

(21) (a) Sheldrick, G. MSHELXTL Version 5.10; Siemens Analytical
X-ray Instruments Inc.: Madison, WI, 1998. (BMART and SAINT
Siemens Analytical X-ray Instruments Inc.: Madison, WI, 1995. (c)

(20) Adam, M. J.; Highfield, J. G.; Kirkbright, G. FAnal. Chem1977, Sheldrick, G. M. SADABS University of Gdtingen: Gitingen,
49, 1850. Germany, 1996.
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Table 1. X-ray Structural Data for CompleR

o1

C20H9F6N403R8'1/2C|‘_|2C|2 mol wt = 695.98 @@@

cryst syst= triclinic, P1 T=295(2) K é) @
a=10.8218(4) A b=12.3617(4) A @( 6{.7\_ _d;(/g \@
c=18.9041(4) A a = 103.64(13 \® g(ﬁ \9 ®/
B =76.5780(7) A y = 78.9214(7Y N2 N1

V = 2328.43(14) =4

D. = 1.985 g/crd F(000)= 1324 CD/ \@@

h, k, | ranges —141t014,—16t0 16,—24 t0 24 @l

cryst size, mrh 0.20x 0.20x 0.12 F3__03 . 02

u(Mo Ka) mmt 5.412

transmission max, min 0.5189, 0.3891 F2 N4
data/restraints/params 10685/4/630

GOF onF? 1.014 F1 F5
R1, wR2 withl > 20(1) 0.035, 0.084 D @/Q\ @
D map, max/min, e/A3 1.089 /-0.991 g

Table 2. Selected Bond Distances (A) and Angles (deg) for Comglex

F6 dﬂm

Re(1)-C(1) 1.897(7) Re(1C(2) 1.897(7) Figure 1. ORTEP diagram of comple® with thermal ellipsoids shown
Re(1)-C(3) 1.905(5) Re(1yN(1) 2.192(5) at 30% probability level.
Re(1)-N(2) 2.184(4) Re(HN(3) 2.222(5)
C(1)-Re(1)-C(2) 85.4(3) C(1)Re(1)-C(3) 88.0(3) The identities of these complexes were then confirmed
C()-Re(1yN(1) ~ 93.4(2)  C(1yRe(1)N(@2)  92.5(2) by elemental analysis and El mass, IR, and NMR spectrom-
N(3)-Re(1)-C(2)  90.2(2) N(3yRe(1)-C(3)  95.0(2) y The EI Y vsis sh h P t th
N(3)~Re(1)-N(1) 84.16(18)  N(3YRe(1)-N(2) 91.53(17) etry. e mass analysis shows the presence of the
N(1)-Re(1)-N(2)  75.79(18) N(2yRe(1)-C(3)  97.9(2) molecular ion M at m/z = 630 and 654 for complexek
C(2-Re(1)-C(3)  88.0(3) C(2yRe(1)-N(1)  98.4(2) i i i
CO-Ra(NE)  1738(2) CEHRe(-N)  1736(2) zindé,(;espei:nvEly, and theI corresgondtljng dahughter ions M
C(1)-Re(1)-N(3)  174.6(2) nCQO]J, n = 1-3, were also produced by the successive
elimination of three carbonyl groups. The solutiomIfCO)
Scheme 2 spectra of complexekand2 are essentially identical to each
e N other, showing one sharp CO stretching absorption at 2028
°°\R AN cmt and a second, very broad stretching signal centered at
o | N\ A 1923 cnm?. Itis believed that the lower-frequency stretching
[Re(CO)s(bpy)B] LN | band is derived from two poorly resolved CO stretching
y > 3‘<_/< signals, and thus, this uniquéCO) stretching pattern is
rh\ NaH oFs consistent with the proposed facial configuration of CO
CFSw" - - ] @ ligands at the Re(C@)metal fragment? The *H and 3C
CFs Q I \ NMR spectral data were given in the Experimental Section.
(btp2)H [Re(CO)q(phen)Br] oo AN The spectral patterns due to the bpy and phen moieties are
o /‘l\ P compatible to those reported in the literatétdloreover,
v K l the 1°F NMR spectrum of complex shows two fluorine
=\ / signals atd —57.2 and—61.4 with equal intensities, while

Results and Discussion

Synthesis and Characterization.As shown in Scheme

those of complexX appear at similar positions at—57.1
and —61.6, respectively. These observations are fully con-
sistent with the presence of two magnetically nonequivalent
CF; groups for the btpz ligand, giving strong evidence for
the direct coordination of the btpz ligand to the Re(l) metal

2, rhenium carbonyl complexesand 2 were prepared in
good vyields by a direct reaction of [Re(CG{)py)Br] and
[Re(CO);(phen)Br] with 1.6 GQUiV of the sodium salt of 3,5- Subsequent X-ray Crysta”ography_

bis(trifluoromethyl) pyrazolate in toluene solution. Afterthe e single-crystal X-ray structure &fis shown in Figure
reaction was completed, evaporation of solvent under vacuumq \while the bond distances and angles are summarized in
?nd sublimation of the resulting solid residue~dt50-165  Tapje 2. The Re(l) metal center adopts a slightly distorted
C gave the anticipated complexes without any noticeable octanedral geometry with coordination of three terminal
decomposition. Metal complexésand2 were found to be  ¢arhonyl ligands arranged in a facial disposition and three
soluble in most of the common solvents, such as chloroform, yqgitional nitrogen atoms, of which two were derived from
acetone, THF, and acetonitrile, and were completely insoluble ypenanthroline and the third coming from the pyrazolate

in nonpolar aromatic and aliphatic hydrocarbons such as igand. Thus, the local environment of the Re metal atom
toluene and hexane. Preparation of the corresponding 3,5-

dimethyl pyrazolate substituted derivatives was also carried (22) Giordano, P. J.; Wrighton, M. S. Am. Chem. S0od979 101, 2888.
out using the same synthetic strategy, but it gave severe(23) (:) Itokazu, M. K.; Poclﬁ" A.S; gzeogar? D. L.gA-;bBignolizi, C.A;
decomposition during sublimation, which hampered our Iha, N. Y. M. Inorg. Chim. Acta2001 313 149. (b) Wolkan, E.;

; Torchia, G.; Tocho, J; Piro, O. E.; Juliarena, P.; Ruiz, G.; Feliz, M.
effort to broaden the scope of this study. R.J. Chem. Soc., Dalton Trang002 2194.

center through only one of its nitrogen donor atoms. This
unique structural characteristic was further revealed by the
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d-(Re) — &* (N—N) transitions. Similar spectral patterns
were observed when the spectra were recorded in acetonitrile
solution, of which the data are listed in Table 3. It is clear
that all MLCT absorption bands of complexésand?2 are
similar to those observed in the related Re(l) carbonyl
complexes, and all exhibited a small blue shift compared to
their parent complexes, [Re(CSHpy)Br] Amax = 378 nm)

and [Re(CO)phen)Br] &max = 370 nm)?® We believe that
the electron density on the Re(l) metal can be partially
suppressed by the replacement of bromide ion with the btpz
nitrogen donor ligand. Thus, the btpz ligand can lead to a
A slight decrease in gRe) orbital energy, giving a slightly
high-energy MLCT transition. By changing the solvent
polarity, a 16-15 nm blue shift in the MLCT band was
Figure 2. UV —vis spectra (A), emission spectra (B), and excitation spectra observed on going from nonpolar GEl to polar CHCN.

(C) of complexesl and2 in CH,Cl, solution, which are represented by On the_ other hand, the maXima. of th.e. higher energy
dashed and solid lines, respectively. absorption bands were found to be insensitive to the solvent

polarity as well as the concentration, confirming that they

50+

¢ (10%it mol'em™)
nN
o
1

T T T T T T
300 400 500 600
A (nm)

most probably adopts a pseu@g; symmetry, for which the . . ) : -
unique C; rotational axis is passing through the center of are mainly derlveq from the mtrghgand—» " transitions
two opposing triangular planes defined by three carbon atomsWhere. ng separation of <?harge IS expect.ed.
of the carbonyl groups and three nitrogen atoms of the Emission Spectra.Luminescence experiments were con-
phenanthroline and the pyrazolate ligand. The-Récar- ducted at room temperature from solution samples in-CH
bonyl) and the corresponding R8I bond distances are about  Cl2 or acetonitrile or from solid thin film samples. As
the same as those reported for other diimine systems [Re_indicated in Figure 2, broad and structureless emission bands
(COX(diimine)L], L = amine or amidé@? More specifically, ~ With Amax= 571 nm andima= 568 nm were observed for
the axial Re-N (btpz) bond distance (2.222(5) A) was found Ccomplexesl and 2 in deaerated CkCl, solution upon
to be marginally longer than the other two-Re distances excitation atA = 366 nm. These emission bands are then
of the phenanthroline ligand (2.184(4) and 2.192(5) A). The assigned as metal-to-ligand charge-transfer phosphorescent
axial Re-N(btpz) bond distance is within the extremes transitions MLCT), on the basis of literature assignment
defined by the complex [Re(C@phen)(anilide)] containing ~ of analogous Re(l) metal complexes and our experimental
an anilide ligand (PhNH) with ReN = 2.112(4) A and the ~ Observatiort>?*2°For comparison, their parent halide com-
ionic complex [Re(CO)phen)(aniline)][OTf] which con-  plexes [Re(CQfbpy)Br] and [Re(CO)phen)Br] show
tained a neutral aniline ligand with R& = 2.250(3) A.  strong®MLCT emission bands in the range 62640 nm
The observed distance suggests that the bonding behaviopoth in CHCI, and CHCN solutions®® The blue shift of
of the negatively charged pyrazolato N-atom is akin to the €mission maximum on the replacement of bromide by btpz
neutral aniline due to the strong electron withdrawing effect is consistent with the properties of their absorption spectra
imposed by the CFfunctional groups. In good agreement discussed in the previous section. No variation of the
with this finding, the Re-C distance of the carbonyl ligand ~ €mission maximunima. Was observed by changing solvent
trans to the pyrazolate ligand (1.897(7) A) is very close to from CH,Cl, to CHCN, and by variation of the relative
the corresponding ReC distances for other two CO ligands ~ concentration. On the other hand, the Re(I) metal complexes
(1.897(7) and 1.905(5) A), demonstrating a rare situation 1 and2 exhibited a strong phosphorescent emission with
where there is almost no trans influence between the anionic= 525 and 544 nm as solid-state samples, compared with
pyrazolato ligand and the neutral phenanthroline group.  the yellow-orange emission &f(Amax= 571 nm) an@® (Amax

UV —Vis Spectra Figure 2 shows UV-vis spectra of the = 568 nm) observed in solution, showing the rigidochromic
pyrazolato complexelsand2 in dichloromethane. For these  effect that was first proposed by Wrighton and co-workérs.
metal complexes, the dominant absorption bands in the-250 Similar rigidiochromism has been reported in the related Re-
300 nm region were assigned to the intraligand— =* (I) diimine system by measuring the photoluminescence in
transitions. These assignments were based on the absorptioa frozen glass at 77 R The emission band of compléxin
spectra of the free ligands as well as those of the closely anhydrous ethanol at 77 K remains as broad and structureless
related metal complexé&80n the other hand, the low energy  with the emission maximum exhibiting a further blue shift
broad bands in the near UV regiok{x about 361 nm for ~ to ~510 nm, which is a characteristic feature of MLCT
1 andAmax about 353 nm foR) that extends to approximately — emission.
450 nm are attributed to the metal to ligand charge-transfer

(26) (a) Kutal, C.; Weber, M. A.; Ferraudi, G.; Geiger, Organometallics

(24) (a) Connick, W. B.; Di Bilio, A. J.; Hill, M. G.; Winkler, J. R.; Gray, 1985 4, 2161. (b) Riklin, M.; Dat, T.; Bu, X.; Laverman, L. E.; Ford,
H. B. Inorg. Chim. Actal995 240, 169. (b) Hevia, E.; Perez, J.; Riera, P. C.J. Chem. Soc., Dalton Trang001, 1813.
V.; Miguel, D. Organometallics2002 21, 1966. (27) Wrighton, M. S.; Morse, D. LJ. Am. Chem. Sod.974 96, 998.
(25) Yam, V. W.-W,; Lau, V. C.-Y.; Wu, L.-X.J. Chem. Soc., Dalton (28) (a) Stufkens, D. omments Inorg. Chem992 13, 359. (b) Yam,
Trans.1998 1461 and references therein. V. W.-W. Chem. Commur2001, 789.
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Table 3. UV—Vis Spectral Data in CkCl, and CHCN

emission electrochemistri(, in V)P
ab$[A/nm (e x 10
medium lit. mol~1cm™1)] Amax(nNM) @ (air) @ (degassed) oxidM\E/mV) redn AE/mV)
1 CH:Cl, 361 (4.0), 319 (sh) (10.6), 571 1.9x 1073 3.3x 103 +1.55 —1.47 (109)
291 (18.7), 234 (30.0)
1 CHsCN 345 (3.5), 317 (11.3), 301 (sh) (12.0), 573 2.8x 1073 3.8x 1073 +1.47 (80) —1.37 (100)
281(13.1), 235 (23.7)
1 solid 525
2 CH,Cl, 353 (4.1), 2764h) (23.2), 262 (24.7) 568 4% 103 2.2x 1072 +1.56 —1.44 (104)
2 CHsCN 341 6h (4.9), 274 (26.8), 259 (25.7) 571 141072 4.1x 102 +1.53 (119) —1.29 (96)
2 solid 544

2 sh denotes shouldetEy, = (Epa+ Epd/2; Epa = anodic peak potentiaky. = cathodic peak potentialfE = |Epa — Epd in mV. Metal-based oxidation
is irreversible in CHCl,.

Excitation at either the—x* absorption ban@~280 nm) 2000-
or the MLCT absorption bandy350 nm) leads to the same
structureless MLCT emission at both room temperature and
77 K, except for the concurrent change in the emission
intensities. This observation indicates that the potential
surface crossing from the higher—z* state to the lower
MLCT state is quite efficient, and the major contribution of
the observed emission is from the MLCT st&& Moreover, ol
it is also known that heavy metal atom would provide ; 000 4000
efficient spin—orbit coupling so as to facilitate intersystem Time (ns)
crossing and thereby enhance the orbital crossing in the | e e o b ey |
singlet-triplet forbidden transition. Thus, the involvement Figure 3. Photoluminescence lifetime decay measurement of the solid

of the Re(l) metal is critical to the observation of strong thin film of complex 1. The excitation wavelength is 366 nm, and the
phosphorescence. emission is monitored at 525 nm.

1000+

Intensity

The excitation spectra, measured by monitoring the
respective emissiofina, match perfectly with the respective
absorption spectra of both complexésand 2, giving an
indication that the final and major emitting state originates
from the same electronic excited state. It is noticed that the
broad and low-energy MLCT band in the absorption spectra
has now partially resolved into two bands in the scanning

excitation spectrum (Figure 2), namely tHdLCT and 3- o . ) )
Complex2 also exhibits a biexponential decay pattern with
MLCT states, at 345 and 390 nm, and 350 and 390 nm for lifetimes of 1.39us (87%) and 0.44s (13%). The Re(l)

complexesl and 2, respectively. The strong spitorbit / ; /
coupling imposed by the Re atom allows the upper excited parbonyl complexes that show multiexponential decay kinet-

state to relax into the spin forbiddéMLCT state and then Ics are known, cc_)nfirming the existence Of. two Iight—gmission
emit light from this state. Notice that the excitation spectrum excited states W'th comparable ener(ﬁéslnall)_/, Iumlnes—
also has an absorption maximum at the~ 7* transition cence quantum yields of these complexes in air-saturated

supporting our previous statement that the potential surfaceazg (tjﬁ aer;ategitsglutlop t\évere ali,? rr:eai\s:Jdred r(see 'r:]al?/lveh 3t)1
crossing from ther — x* state to the MLCT state is quite a € magnitude of the quantum yields are somewna

efficient. similar to those of the related rhenium(l) diimine com-

. . . . . lexest>16 Notice that complex2 shows 4 times higher
The identity of the photoluminescent emissions is further P P 9

revealed by the measurement of excited-state lifetimes Whichluminescence quantum yield in a deaerated solution than a
. . i . ' solution prepared without applying repeated freegem
lie on the order of microseconds and are typical for the brep PPYINg rep P

. i i thaw cycles. Such an £>ensitive luminescence quantum
— *
:g ;22'022 :\3:2;{2?\/#]‘?:};Srr;dgth;éngﬁggﬁgﬁﬁescgnce c)fyield in solution can be considered as a characteristic feature

bpy complexl is composed of two exponential decays with of the phosphorescent emission.

e ’ Electrochemistry. Cyclic voltammetric experiments were
0, 0 -

Ilfet_lmes of 1.56us .(92 %) and 9'51‘5 (8%). The_ I0r_19 lived, carried out in CHCN and CHCI, solutions of 0.1 M TBAH

major component is thus assigned to the emission from the

SMLCT state. and the minor shorter-lived component is at a scan rate of 100 mV/s. The redox potentials obtained
assianed to 6“ inate from the — * state. In enperal i from cyclic voltammograms are presented in Table 3. Both

ar gn T -nge j metal complexes show reversible metal-centered oxidation
there is no potential surface crossing from the higheropy

— g* state to the lower MLCT state, one can expect, on the
basis of the energy gap law, a longer decay lifetime from
the 7 — * state than the lower MLCT stafé.Moreover,

the potential surface crossing from the— z* state to the
MLCT state in the present system is quite efficient; therefore,
the assignment of the short-lived, minor decay component
to originate from ther — z* state should be reasonable.

(30) (a) Shaw, J. R.; Schmehl, R. Bl. Am. Chem. Sod.99], 113 389.
(29) Sacksteder, L.; Zipp, A. P.; Brown, E. A.; Streich. J.; Demas, J. N,; (b) Wallace, L; Rillema, D. Plnorg. Chem.1993 32, 3836. (c)
DeGraff, B. A.Inorg. Chem 1990 29, 4335. Striplin, D. R.; Crossby, G. ACoord. Chem. Re 2001, 211, 163.
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Figure 4. Cyclic voltammograms of complexdsand2 measured in Ckt

CN (vs SCE) at a scan rate of 100 mV/sec. A Pt metal and a Pt mesh were
used as the working electrode and the counter electrode, respectively. TBAH
was taken as supporting electrolyte.
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and ligand-based reduction in @EN solution, which are
consistent with the redox behavior of Re(l) diimine com-
plexes reported in the literatufe3! The reduction cycle,
however, behaves irreversibly upon changing solvent te- CH
Cl,. As indicated in Figure 4, compleixshows two reversible
couples att+1.47 and—1.37 V vs SCE in CHCN which 04
attributed to the independent one electron processes Re(l) . . . . .
— Re(ll) and (bpy)— (bpy"), respectively. It is notable L T
that the oxidation potential shows a much larger difference votiage(¥)
with respect (o the parent complex [Re(GPY)Br] (Fvo ~ F4ureS (% spection ot hedevce BOMPRA0 v)cERa0 v
= +1.36 V; —1.32 V vs SCE). It is believed that the poor of the device.
o-donating and goodr-accepting ability of btpz ligand ) )
renders the Re(l) metal center impoverished in electron 2 @nd phosphorescent dopants in host materials- 4,4
density and, hence, decreases its oxidation potential. dicarbazolyl-11-biphenyl (CBP) and 2i2"'-(1,3,5-benzen-
Complex 2 shows a similar redox behavior. The small anyI)tns[l—phgnyl-lH-ben_mm|da.zole] (TB,Pﬁ’Wh'Ch ex-
difference in the oxidation potentials of the Re{Re(ll) hibit photolumlpescent emission in the region 38@.0 nm.
couples betweerl and 2 shows little relationship to the These host emission bands significantly overlap with absorp-

donor/acceptor capability of phenanthroline vs the bipyridine ti0n bands of complexekand2, thus ensuring the efficient
ligand. The lack of obvious correlation indicates that the Forster/De_xte_r type of energy transfer. _Comple)leemdz .
basicity of the diimine ligand has minimal effect on the behaved similarly in terms of electroluminescent properties,
stability of the metal dlevel. Moreover, the energy levels and. thus, onlyhthe reﬁults fdrare presenteddhere. it th
of the highest occupied molecular orbital (HOMO) and F:}?’“fe oas OW/St e EL spe/ctrum for a /eV'Ce_W't the
lowest unoccupied molecular orbital (LUMO) are calculated configuration ITO/NPB(40 nm)/CBP(20 nm)/TPBI:2%¢
using the following formula:Enovo = —4.74 — Exonset) (20 NM)/TPBI(20 nm)/Mg:Ag. The configuration was chosen
(—4.74 V for SCE with respect to zero vacuum lédeind as it was shown befotéthat the electron-transporting TPBI
Eo{(onset)= +1.28 V for 1 and+1.34 V for 2) and ELumo layer behaves asa hole-blocking layer in a'typical two-layer
= 1240845 — Enowmo. These calculations give the HOMO TPB/TPBI device. To generate TPBI excitons for energy
and LUMO energy levels to be-6.02 and—3.23 eV and transfer, recombination occurring in the TPBI layer is
—6.07 and—3.28 eV for complexed and 2, respectively. necessary. The CBP layer, with a HOMO level (5.5 eV) lying

OLED Devices. A variety of devices have been con- between that of NPB (5.2 eV) and TPBI (6.2 eV), paves the
structed where Cc‘)m lexek and 2 were emploved as the V&Y for holes to transport from NPB into the TPBI layer

" i P ploy where charge recombination occurs. Thgyx at 532 nm
emitting materials. In general, the use of these complexesrecorded at a low voltagef & V nicelv overlaos with the
as a pure emitting layer in a three layer ITO/HTL/dye/ETL/ PL spectrum of similar] gdo ed TPBI¥2%(fiImpand close
Mg:Ag structure resulted in poor performance and unstable P y dop ) e

X . . to the PL spectrum recorded for the solid film af
devices. Better results were achieved with compleixasd

|-V curve

Current density(mA/cm
(,w/po)sseuybug

(33) Adachi, C.; Baldo, M. A.; Forrest, S. R.; Lamansky, S.; Thompson,

(31) Kaim, W.; Kramer, H. E. A; Vogler, C.; Rieker, J. Organomet. M. E.; Kwong, R. C.Appl. Phys. Lett2001, 78, 1622.
Chem.1989 367, 107. (34) (a) Tao, Y. T.; Balasubramaniam, E.; Danel, A.; TomasikAppl.
(32) Bard, A. J.; Faulkner, L. RElectrochemical Methods Fundamental Phys. Lett 200Q 77, 933. (b) Tao, Y. T.; Balasubramaniam, E.;
and Applications Wiley: New York, 1980. Tomasik, P.; Danel, AChem. Mater200Q 12, 2788.
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Figure 6. (a) EL spectrum of the device ITO/NPB(40 nm)/CBE(k%)-

(20 nm)/TBPI(20 nm)/Mg:Ag. (b) Thée—V—L characteristics for the device
with 5% 1 as dopant.

suggesting that the emission came from complexA
shoulder at~390 nm was assigned as the emission from
CBP32 The device nevertheless showed a strong voltage
dependence. With increasing voltage, the contribution from
CBP at~390 nm and NPB at-445 nm increased, and the
color shifted to the blue. The shift is attributed to the shifting
of the recombination region at higher field, where more

electrons are injected and passed to the HTL layer. Figure

5b presents the device characteristics. At a driving current
of 100 mA, the device gave a luminance 2300 cd/m,

an external quantum efficiency of 0.82%, and a power
efficiency of 0.72 Im/W.

Devices with complexl doped in the CBP layer in a
configuration of ITO/NPB(40 nm)/CBPLf(x%)(20 nm)/
TBPI(20 nm)/Mg:Ag were also fabricated. Figure 6a shows
the EL spectra as a function of the doping concentration.

efficiency of 0.6%, a power efficiency of 0.74 Im/W, and a
current efficiency of 1.76 cd/A, respectively.

Generally speaking, the maximum luminescence for the
present devices behaves slightly better than that of the EL
devices prepared from the co-deposition of phenol-pyridine
beryllium and Re(l) complex Re(CgiBubpy)Cl, which
showed an EL emission peak at 535 nm and luminescence
of 2182 cd/m with the rhenium metal complex being doped
at a similar concentration level of 5% When the concen-
tration of the Re(CQJButbpy)Cl complex is increased to
50%, the device gives a maximum efficiency of 1.6 Im/W
and brightness of 6450 cdfmThis is somewhat in contrast
to our finding that the higher dopant concentratiari7 o)
would substantially reduce the power efficiency. Moreover,
the EL emission of our devices were blue-shifted compared
with those of the devices prepared from functionalized Re-
(I) complexes Re(CQJL)CI, where L= 2-(1-ethylbenzimi-
dazol-2-yl)pyridine or a bipyridine ligand that contained both
hole transport triphenylamine and electron transport aromatic
1,3,4-oxadiazole pendants, but a substantially low luminance
of <350 cd/n? was observeéce

Conclusion

Rhenium complexesl and 2 have been successfully
synthesized and have shown good volatility as they can be
sublimed without any notable decomposition below 160
These properties allow them to be used in OLED devices
via vacuum sublimation. Excited state lifetime measurements
confirm that the electronically excited Re compleXeand
2 can display phosphorescent emission with triplet excited
state lifetimes®z of 0.51 and 1.56:s for 1, and 0.44 and
1.39us for 2, respectively. The bright green phosphorescent
emission was attributed to the emissions from both3he
MLCT and the intraligandz — 7* excited states. Green
electroluminescence from compléxould be obtained when
it was used as a dopant in the CBP and NPB based OLED
devices. Although the device design has not yet been
optimized, the current results have shown that OLED devices
based on complek have the most promising performance
among various rhenium metal complexes reported in the
literature. Efforts are being taken to further optimize the
performances of OLED devices based on rhenium complexes
1land2.
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