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Abstract: Treatment of the metal re-
agent IrCl;:nH,0O with two equivalents
of 2-pyridyl pyrazole (N*"N)H (3-tert-
butyl-5-(2-pyridyl) pyrazole, (bppz)H
and 3-trifluoromethyl-5-(2-pyridyl) pyr-
azole, (fppz)H), afforded the isomeric
Ir'™ metal complexes with a general
formula cis-[Ir(bppz),CL|H (2a), trans-
[Ir(bppz),CLIH ~ (3a), cis-[Ir(fppz),-
CLIH (2b), and trans-[Ir(fppz),CL]H
(3b). Single-crystal X-ray diffraction
studies on 2b and 3a revealed the co-
existence of two pyrazolate chelates
and two terminal chloride ligands on
the coordination sphere. Subsequent
reactivity studies confirmed their inter-
mediacy to the preparation of homo-
leptic mer-[Ir(bppz);] (1a) and mer-[Ir-
(fppz);] (1b) that showed dual intrali-

gand and ligand-to-ligand charge-trans-
fer phosphorescence at room tempera-
ture. To attain  bright,
temperature phosphorescence further,
we then synthesized two isoquinolinyl
pyrazolate complexes, mer-[Ir(bipz);]
(4a) and mer-[Ir(fipz);] (4b)
((bipz)H =3-tert-butyl-5-(1-isoquinolyl)
pyrazole and (fipz)H =3-trifluorometh-
yl-5-(1-isoquinolyl) pyrazole). Their or-
ange luminescence is mainly attributed
to the mixed MLCT/nzw* transition,
and the quantum yields were as high as
86 (4a) and 50% (4b) in degassed

room-
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CH,(I, solution at RT. The organic
light-emitting diodes (OLEDs) were
then fabricated by using 4a as a
dopant, giving orange luminescence
with CIE,,=0.55, 045 (CIE,,=the
1931 Commission Internationale de
L’Eclairage (x,y) coordinates) and
peak efficiencies of 14.6 % photon/elec-
tron, 348cdA7!, 26.1lmW~! The
device data were then compared with
the previously reported heteroleptic
complex [Ir(dfpz),(bipz)] (5
((dfpz)H =1-(2,4-difluorophenyl) pyra-
zole), revealing the possible effect of
the bipz chelate and phosphor design
on the overall electrophosphorescent
performance, which can be understood
by the differences in the carrier-trans-
port properties.

Introduction

Iridium(IIT)-based phosphorescent complexes have received
considerable attention owing to their latent applications in

organic light-emitting diodes (OLEDs).! It is well under-
stood that their photophysical properties are strongly depen-
dent on the character of their frontier orbitals and the re-
sulting HOMO/LUMO energy gap, which in turn are gov-

erned by their basic skeletal arrangement and the electronic

properties of substituents anchored to these chelating chro-
mophores. Tuning of emission wavelengths over the entire
visible spectra was successfully achieved by ingenious modi-

fication of their ligating chromophores that included both
the chromophoric and/or ancillary ligands.”! Both saturated-

red and true-blue phosphors were isolated and shown to be
good candidates for phosphorescent OLED fabrications.

The majority of complexes that fit into this category are

called heteroleptic complexes, showing the existence of two
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cyclometalated chelates plus one ancillary ligand with a
greater ligand-centered mz* energy gap, such that its inter-
ference to the photoexcitation, relaxation, and consequent
luminescence can be minimized. On the other hand, reports
on the highly emissive homoleptic Ir'™ complexes with all
cyclometalated chelates are still rare.’! An obstacle lies in
the higher temperatures required for their syntheses, be-
cause the majority of cyclometalated chelates cannot with-
stand such stringent reaction conditions, leading to severe
decomposition.” In sharp contrast, noncyclometalated ho-
moleptic complexes such as trisubstituted acetylacetonate
[Ir(acac);],! quinolinolate [Ir(Q);],”! and even picolinate
complexes [Ir(pic);] are known;! unfortunately, none of
them exhibit respectable room-temperature phosphores-
cence in both fluid and solid states.

Following this research direction, we have examined the
reactions of IrClynH,O with 3-fert-butyl-5-(2-pyridyl) pyra-
zole ((bppz)H) and with 3-trifluoromethyl-5-(2-pyridyl) pyr-
azole ((fppz)H) in anticipation of isolating the respective
homoleptic complexes mer-[Ir(bppz);] (1a) and [Ir(fppz)s]
(1b).® Although these Ir'™ complexes failed to exhibit the
anticipated bright phosphorescence at room temperature,
we serendipitously observed a unique case of dual emission,
of which the intensity ratio and the associated relaxation dy-
namics of each peak show remarkable temperature depend-
ence. This result highlights an unusual intraligand charge-
transfer (ILCT) to ligand-to-ligand charge-transfer (LLCT)
conversion, that is, an electron-transfer-like excited-state
process (see below) for which the LLCT has not only low-
ered the emission efficiency but also resulted in an unwant-
ed bathochromatic shift.®

mer-[Ir(bppz),] (1a) mer-[Ir(fppz);] (1b)

Herein, we report the mechanistic details that gave the
formation of both 1a and 1b, which is highlighted by the
isolation of two reaction intermediates (cis-2a and cis-2b
and trans-3a and trans-3b) upon treatment of IrClynH,O
with only two equivalents of (bppz)H and (fppz)H chelates.
Their role in the transformation is also established.

We have extended the scope of these investigations by
employing other chelating azolate ligands (3-tert-butyl-5-(1-
isoquinolyl) pyrazole, (bipz)H and 3-trifluoromethyl-5-(1-
isoquinolyl) pyrazole, (fipz)H), and have obtained the relat-
ed trisubstituted mer-[Ir(bipz);] (4a) and [Ir(fipz);] (4b).
Remarkably, both complexes showed bright-orange phos-
phorescence at RT, giving the opportunity to examine their
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(2a), R=tBu
(2b), R = CF,

(3a), R=1tBu
(3b), R = CF,

latent applications as OLED dopants. For complex 4a, the
performance data were compared with a previously reported
heteroleptic Ir'™ complex with a single isoquniolinyl azolate
ligand, [Ir(dfpz),(bipz)] (5).) This comparison provides a
case in point to evaluate the effect of emitting chromophoric
chelates. Therefore, the data accumulated in this study allow
us to gain more insight into the photophysical and device
behavior between two closely related molecular designs.

mer-[Ir(bipz)s] (4a), R ={Bu
mer-[Ir(fipz)s] (4b), R = CF3

[(dfpz),Ir(bipz)] (5)

Results and Discussion

Synthesis and characterization: It has been reported that
IrCl;-nH,O reacts with two equivalents of cyclometalated li-
gands, for example (CA"N)H, in 2-ethoxyethanol at reflux
under fairly mild conditions to give excellent yields of the
chloride-bridged dimer, [(C*N),Ir(u-Cl)], (Scheme 1). Crys-
tallographic studies show that each octahedral Ir'™ metal
center of the dimer is coordinated by the two bridging chlor-
ides and two C"N chelates for which the neutral N donor is
located at the trans disposition.'”! The respective tricyclome-
talated complexes [Ir(C~N);] were then obtained upon
treatment of this chloride-bridged dimer with more cyclome-
talated ligand at a higher temperature.""! In yet another ap-
proach, [Ir(C”N);] can also be obtained by simply combin-
ing the iridium reagents, for example, [Ir(acac);] or
IrCly-nH,O, with an excess of C N ligands at significantly
higher temperatures or in presence of a chloride scaveng-
er.?

Recent reports indicated that both the cyclometalated
ligand (C~N)H and pyridyl azole ligand (N*N)H are capa-

Chem. Eur. J. 2010, 16, 4315-4327
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Scheme 1.

ble of reacting with reagents M;(CO),,, M=Ru and Os, to
afford good yields of octahedral complexes [M(C"N),(CO),]
and [M(N~N),(CO),], respectively.'>* This implies that the
(N~N)H ligand could react with IrCl;-nH,O to afford trisub-
stituted [Ir(N~N);] in a fashion akin to the previously men-
tioned, meridional [Ir(C~N),] cyclometalates.

Indeed, treatment of excessive (N*N)H with IrCl;-nH,O
afforded the meridional [Ir(C”N);] derivatives 1a and b and
4a and b in high yields, confirming the cyclometalating be-
havior of these chelates. The intermediates 2a and b and 3a
and b with the general formula [Ir(N~N),CL,|H were also
obtained from treatment of IrCl;-nH,O with two equivalents
of pyridyl pyrazoles (bppz)H and (fppz)H in methoxyetha-
nol at reflux, for which the implied mechanism is somewhat
identical to that of the dimer [(C/~N),Ir(u-Cl)], isolated
from the reactions with the cyclometalating ligands.'?
Moreover, these complexes were easily separated by silica-
gel column chromatography. These intermediates are stable
and soluble in typical organic solvents, but are barely emis-
sive under all conditions, even at 77 K. The '"H NMR spec-
tral patterns of 2a and 3a (or 2b and 3b) are consistent
with the existence of nonequivalent and equivalent pyrazo-
late chelates, respectively. Thus, five aromatic proton reso-
nances corresponding to the pyrazolate chelates were re-
solved for the trans-chloride complexes 3a and 3b, whereas
a more complicated spectral pattern was detected for cis-
complexes 2a and 2b that showed asymmetric arranged pyr-
azolate chelates and cis-CI,Cl disposition. In contrast to the
Pt"" complexes with identical neutral pyrazole chelate,™ the
N-H proton of these Ir'"" complexes cannot be unambigu-
ously defined in their 'HNMR spectra owing to the en-
hanced and reversible dissociation of the proton, even in
non-polar solvent such as CDCl; or [Dg]toluene.

Moreover, the intermediacy of 2 and 3 versus the forma-
tion of trisubstituted 1 was demonstrated by conducting fur-
ther chelate substitution at higher temperatures. In fact, our
control reaction has revealed the occurrence of a slow inter-
conversion between cis and trans isomers at the elevated
temperature. Moreover, treatment of either the cis or trans
complexes 2a, 3a and 2b, 3b had afforded a reasonable
amount of the anticipated Ir'™ complexes 1a and 1b, con-
firming the previous observation.! However, for executing
scale-up preparation, it is best to bypass the isolation of 2
and 3 and employ at least three equivalents of pyrazole in a
higher-boiling-point solvent such as diethylene glycol mono-
ethyl ether (DGME). Similarly, the related isoquinolinyl de-
rivatives 4a and 4b were obtained in good yields, without
the prior isolation of respective dichloride intermediates.

Chem. Eur. J. 2010, 16, 4315-4327
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X-ray crystallography: To investigate their molecular struc-
tures further, we carried out single-crystal X-ray analyses on
both 2a and 3b; their ORTEP diagrams are given in
Figure 1 and Figure 2, respectively. As expected, complex 2a

Figure 1. ORTEP diagram of 2a with thermal ellipsoids shown at the
50% probability level. Selected bond lengths [A]: Ir—N(1)=2.073(7),
Ir-N(2)=1.993(8), Ir—N(4)=2.024(8), Ir-N(5)=1.991(8), Ir—Cl(1)=
2.356(2), and Ir—Cl1(2) =2.373(2).

CIitn

Figure 2. ORTEP diagram of 3b with thermal ellipsoids shown at the
50% probability level. Selected bond lengths [A]: Ir—N(1)=2.124(5),
Ir-N(2)=1.978(5), Ir—N(4)=2.087(5), Ir-N(5)=1.968(5), Ir—Cl(1)=
2.351(1), and Ir—CI(2) =2.333(1).

exhibited the orthogonal arrangement of bppz chelates, with
the average Ir—N(pyridyl) lengths being slightly longer than
that of the Ir—N(pyrazolate) lengths, which is typical for
such pyridyl pyrazolate chelates."® However, owing to the
poor accuracy of the crystallographical parameters, we un-
fortunately are unable to locate the hydrogen atom (or
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proton) that is essential to balance the formal negative
charge associated with the Ir'™ fragment. One possibility is
to assign this proton on the water molecule present in the
asymmetric unit. If this were the case, complex 2a can be
considered as an anionic fragment with the tentative formu-
la cis-[Ir(bppz),Cl,] .

In the case of 3b, however, the chlorides adopt a trans-
disposition with the pyrazolate chelates residing on the four
corners of the equatorial plane. Note that both pyridyl
groups of fppz chelates are now arranged in a cis fashion to
one another. Such a geometrical feature is in sharp contrast
with that observed in the related octahedral Os™ complexes,
in which the pyrazolate chelates showed distinctive trans ori-
entation along with the formation of a pair of C—H--N
inter-ligand hydrogen bonding.'”! This unusual structural ar-
rangement gives a hint to the position of unidentified
proton in 3b that lies in between the N(3) and N(6) atoms
of the pyrazolate fragments. Again, the location of this hy-
drogen atom cannot be unambiguously defined.

Figure 3 gives the ORTEP diagram of the trisubstituted
isoquinolinyl complex 4a, showing the meridional arrange-
ment of bipz ligands that is attributed to the reduction of

Figure 3. ORTEP diagram of complex 4a with thermal ellipsoids shown
at the 30% probability level. Selected bond lengths [A]: Ir-N(1)=
2.073(5), Ir-N(2)=2.027(5), Ir-N(4)=2.040(4), Ir—N(5)=2.025(6),
Ir—N(7) =2.049(6), and Ir—N(8) =2.010(6).

steric repulsion among fert-
butyl substituents, whereas the
facial isomer would have all

and pyrazolate fragments (~2.027 and 2.010 A) are reminis-
cent of those observed in previously reported 1a, but are
shorter than those (~2.16 and ~2.11 A) of the related het-
eroleptic [Ir(CAN),(N~N)], for which the unique pyridyl
azolate N~N chelate resides opposite the carbon atom of
both cyclometalated chromophores.'"8! Note that the N(8)
atom of 4a shows the shortest Ir-N bond length of
2.010(6) A, which is due to the increased interaction at this
pyrazolate site and less competition (in view of the bonding)
from its trans-isoquinolinyl group, and the latter shows the
longest Ir—N(1) length of 2.073(5) A of all Ir—N interactions.

Photophysical data: The absorption and emission spectra of

4a and 4b are displayed in Figure 4 and the data are sum-
marized in Table 1. Both complexes exhibit well-resolved

30000

e/Mem™

20000 <

10000

89

1 v 1 M T v 1 M T v 1
300 400 500 600 700 800
Wavelength / nm

Figure 4. Absorption and luminescence spectra of 4a (black) and 4b
(grey) in CH,Cl, under degassed conditions at room temperature (@)
and at 77 K (O).

nm* transitions <365 nm (e>3x10*mM 'cm™'), whereas the
lower-energy shoulder around 430 and 400nm (e
~10*mM~'cm™) is reasonably attributed to the tailing of wm*
transitions that are mixed, to a certain extent, with metal-to-
ligand charge transfer (MLCT) transitions. The whole as-
signment is well supported by the well-matched absorption
spectral patterns versus those of 1a and 1b (see Figure 5),°l
except that all peaks appear at relatively longer wave-
lengths, due to the greater m conjugation of the isoquinolinyl
than that of the pyridyl moieties.

Table 1. Photophysical properties for complexes 1a, 1b, 4a, 4b, and 5 in CH,Cl, solution.

three tert-butyl groups pointing

. . . Complex  Absorption A, [nm] (ex107 [m'cm™]) Aem [nm], RT 1., [nm], 77K @ 7 [us]
towards the identical triangular
face of octahedral coordination 1al 271 (34.0), 323 (24.2), 378 (6.4) 565, 531 445, 474, 500 0.0008 7.1
. 1b®! 260 (39.0), 306 (24.6), 355 (6.2) 528, 523 427, 454, 479 0.0067 6.3
geometry and cause excessive 4, 291 (50.8), 360 (36.3), 420 (15.9) 567, 603 (636) 549, 593, 646 0.86 11.2
spatial congestion. Moreover, 4b 281 (55.3), 345 (29.8), 360 (29.1), 386 (16.4) 544,586,631 537,582, 621 0.49 40.7
the Ir—N bond lengths for iso- 5 252 (24.1), 302 (14.6), 358 (6.4), 416 (3.3) 562, 596 - 1.0 20.2

quinolinyl ~ (~2.073-2.040 A)
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[a] The emission properties were resolved in an CH,Cl, matrix at 77 K. [b] See Ref. [8]. [c] See Ref. [9].
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Figure 5. Absorption and luminescence spectra of la (black) and 1b
(gray) in CH,Cl, under degassed conditions at room temperature. Inset:
Luminescence spectra of 1a and 1b in CH,Cl, at 77 K.

As for the emission spectra, unlike the rather weak, dual
phosphorescence of 1a and 1b observed in degassed CH,Cl,
solution at room temperature,® complexes 4a and 4b all
show unique, bright luminescence (e.g., ®4,~0.86 and @D,
~0.50) consisting of a notable vibronic progression (500-
800 nm) with the first peak appearing at 567 and 545 nm, re-
spectively (see Figure 4). The poor overlap between the
emission signals and the lowest-energy absorption band for
both 4a and 4b can be attributed to the origin of emission
possessing excessive ligand-centered mmt* and relatively low
MLCT character. It has been well established that the metal
d, orbital is directly coupled into the spin-orbit-coupling
matrix. Thus, low MLCT percentage causes poor mixing be-
tween singlet and triplet manifolds, resulting in a relatively
large separation between the absorption (Si-S;) and emis-
sion band (T-S;). The great increase of the mm* property
for the lowest-lying transition also leads to the appearance
of a vibronic emission profile that is consistent with the ex-
perimental observation. Upon lowering the temperature to
77 K, both 4a and 4b show similar emission spectral profiles
with respect to those acquired at room temperature, except
for a slightly hypsochromic shift, for example, a shift of 4,
from 567-549 nm (from RT-77 K) for 4a and from 544-
537 nm (from RT-77 K) for 4b. This phenomenon is tenta-
tively ascribed to occur as a consequence of the lack of sol-
vent reorientation invoked by the formation of a solid-state
solvent matrix at 77 K, resulting in a destabilization of
energy in the excited state. The differences between 4a and
4b in view of the lowest-lying absorption and likewise the
emission peak wavelengths can be mainly attributed to the
tert-butyl (4a) versus trifluoromethyl (4b) substitution in
which the ters-butyl substituent in 4a elevates the pyrazolate

Chem. Eur. J. 2010, 16, 4315-4327

450 500 550 600

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

(HOMO) orbital energy, resulting in the reduction of the
energy gap. Conversely, enlargement of the energy gap is
expected for 4b owing to the electron-withdrawing trifluoro-
methyl substituent that effects the HOMO of the pyrazolate
moiety. Firm support of this viewpoint is provided by the
computational approaches described below.

Time-dependent DFT calculations (performed by using
functional PBEO associated with the basis set 6-31G(d)/
LANL2DZ, see the Experimental Section for details) was
then performed to gain more insight into the fundamental
basis. Figure 6 and Figure 7 depict the selected molecular or-
bitals involved in the lower-lying transitions of complexes
4a and 4b, respectively. The rest of the frontier orbitals are
provided in Figures S1 and S2 in the Supporting Informa-
tion. All pertinent energy gaps and corresponding assign-
ments of each transition are listed in Table2 (4a) and
Table 3 (4b). The calculated energy gaps of the S;—S; tran-

eV
-1.54
LUMO+2 —/

LUMO+1
LUMO \

204
]

Figure 6. Selected molecular orbitals involved in the lower-lying electron-
ic transitions of 4a.

e

LUMO+2
LUMO+1 —___

A\
AN

214 LUMO

R N
P nac. aallp-!

HOMO-2
N

AN
Y

Figure 7. Selected molecular orbitals involved in the lower-lying electron-
ic transitions of 4b.
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Table 2. The calculated wavelength (1), oscillator strength (f) and orbital transition analyses of 4a.

Main transition

State Acal f

Assignment

MLCT [%]

LLCT

ILCT

ILCT

ILCT

LLCT

LLCT

LLCT

S,

T,

T,

T;

T,

T

Ts

445 0.03

558.4 0

553 0

546.1 0

451 0

441.4 0

433.8 0

HOMO —LUMO (94%)
HOMO —LUMO +2 (47%)
HOMO-1—LUMO +2 (36%)
HOMO-3—LUMO+2 (11%)
HOMO-2—LUMO+2 (7%)
HOMO-7—LUMO +2 (7%)
HOMO-2—LUMO (56 %)
HOMO-1—LUMO (24%)
HOMO—-4—LUMO (16%)
HOMO—-10—LUMO (5%)
HOMO-3—LUMO (5%)
HOMO-2—LUMO+1 (31%)
HOMO-3—LUMO+1 (26%)
HOMO-1—LUMO +1 (22%)
HOMO—LUMO+1 (20%)
HOMO-8—LUMO+1 (6%)
HOMO —LUMO (32%)
HOMO —LUMO+2 (20%)
HOMO-3—LUMO+2 (13%)
HOMO-1—LUMO +2 (10%)
HOMO-5—LUMO+2 (5%)
HOMO —LUMO+1 (38%)
HOMO-3—LUMO+1 (13%)
HOMO —LUMO +2 (13%)
HOMO —LUMO (8%)
HOMO-5—LUMO+1 (8%)
HOMO —LUMO (20%)
HOMO-1—-LUMO (16%)
HOMO —LUMO +2 (14%)
HOMO —LUMO +1 (8%)

18.71

13.17

11.96

11.94

13.96

Table 3. The calculated wavelength (1), oscillator strength (f) and orbital transition analyses of 4b.

Main transition

State Acal f

Assignment

MLCT [%]

LLCT

ILCT

ILCT

ILCT

LLCT

LLCT

LLCT

S,

T,

T,

T;

T,

Ts

Ts

383 0.02

532.4 0

531.6 0

5282 0

391.7 0

388.2 0

384 0

HOMO —LUMO (88%)
HOMO-2—LUMO (89 %)
HOMO—-4—LUMO (7%)
HOMO-2—LUMO+1 (6%)
HOMO-9—LUMO +6 (5%)
HOMO —LUMO+2 (59%)
HOMO—1—LUMO+2 (26%)
HOMO—-3—LUMO+2 (10%)
HOMO —LUMO+1 (8%)
HOMO—1—LUMO+1 (51%)
HOMO-3—LUMO+1 (19%)
HOMO-1—LUMO (9%)
HOMO-2—LUMO+1 (9%)
HOMO —LUMO +1 (8%)
HOMO—-1—LUMO +2 (5%)
HOMO —LUMO +1 (19%)
HOMO —LUMO (16%)
HOMO-3—LUMO +1(15%)
HOMO-3—LUMO +2 (9%)
HOMO —LUMO +2 (9%)
HOMO—-1—LUMO +2 (7%)
HOMO —LUMO (40%)
HOMO—4—LUMO (21%)
HOMO —LUMO +2 (12%)
HOMO-3—LUMO +2 (8%)
HOMO —LUMO +1 (19%)
HOMO —LUMO +2 (16%)
HOMO-3—LUMO +2 (11%)
HOMO—4—LUMO (10%)
HOMO—1—LUMO (6%)
HOMO-3—LUMO +1 (6%)

15.00

6.93

12.91

11.63

16.18

11.77

4320 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sition for 4a (445 nm) and 4b
(383 nm) are close to the ob-
served onsets (an appearance of
a shoulder in Figure 4) of the
absorption spectra recorded in
CH,CI, solution. Moreover, the
calculated energy gaps of the T,
states for 4a (558 nm) and 4b
(532 nm) are also in agreement
with the trend of the first vi-
bronic peak of their emission
spectra. This result indicates
that the time-dependent DFT
(TDDFT) calculation, in a
qualitative manner, can predict
the lowest Franck—Condon ab-
sorption in the singlet manifold
as well as the phosphorescence
energy gap based on the S, geo-
metries of the studied organo-
metallic complexes.

As for the transition charac-
teristics, frontier orbital analy-
ses indicate that 4a and 4b
show the lowest-lying ST,
transition composed of ligand
nr* transfer and, to a lesser
extent (<15%), of MLCT. The
nie* domination indirectly sup-
ports the vibronic progression
depicted in the phosphores-
cence spectra. As shown in
Tables 2 and 3, the lower-lying
triplet manifold for 4a and 4b
consists of two sets of closely
lying transitions, T, -T5 and T,~
Te, for which the -calculated
energy difference among T,-T;
(or T,T,) are very small
(<2 kcalmol™), which, within
theoretical error, may be treat-
ed as two sets of triple degener-
ate states. Detailed frontier or-
bital analyses also led to the
conclusion that the T,-T; and
T, -Ts states, in view of mx*
transitions only, could be as-
signed to ILCT (within bipz or
fipz moiety) and LLCT (pyra-
zolate —isoquniolinyl moiety),
respectively. The energy differ-
ence between ILCT and LLCT
is calculated to be as large as

approximately 12 kcalmol ™!
and 19 kcalmol™' for 4a and
4b, respectively. Compared

with 1a and 1b, in which T}
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and Ty are nearly degenerate and rapid interconversion
takes place,® the much lower energy for Ty ¢y in 4a and 4b
can be rationalized by the elongation of m conjugation in
the isoquinolinyl pyrazolate moiety, resulting in a smaller
ILCT gap.

The strategy of elongation upon m conjugation from pyri-
dine (1a, 1b) to isoquinoline (4a, 4b), as evidenced by the
above experimental results, has significant effects on im-
proving the emission properties in, for example, the quan-
tum yield and long-lived emission lifetime.™ It is generally
believed that far separation between metal center d,—d,-
transitions (*MC) and the responding emissive state, for ex-
ample the *MLCT/nm* state, plays a key role for the m-elon-
gation effect. Herein, the proof of concept for tuning the
energy gap between *MLCT/mnr* and *MC states is conduct-
ed by using complexes 1b and 4b. In this approach, the
higher-lying *MC state was calculated according to the
methodology illustrated in the work of Persson et al.”! De-
tails of the calculation procedures are described in the Ex-
perimental Section. The result shown in Figure 8 clearly in-

Y
3.0 3 *
" — "MLCT/nn — *Mc
MC —
2.5+
1 *MLCT/an* —
0.2+
0.04 — s, — 5,
T T
1b complex 4b

Figure 8. Energy diagram of complexes 1b and 4b in terms of MC and
SMLCT/mm* states, in which the MLCT/n* state denotes the lowest
triplet electronic state obtained from unrestricted optimization, starting
from X-ray structural results. The *MC state is also refined by the same
method but with a distorted initial geometry. Note that the S, level for
1b and 4b has been normalized.

dicates that the isoquinolinyl pyrazolate ligand of 4b ren-
ders better m conjugation. The net result is to decrease the
w* orbital and hence the reduction of the *MLCT/mm*
energy in 4b, whereas *MC is much less affected. This
should lead to a larger energy difference between *MLCT
and *MC dd excited states for 4b of approximately 0.56 eV
(12.9 kcalmol ™), whereas for 1b the *MC state is even
lower than the *MLCT/ms* state by approximately 0.15 eV
(3.46 kcalmol ). However, for 4b an additional factor that
invokes better electron-withdrawing behavior of the isoquin-
olinyl fragment that stabilizes the d, orbitals of the I
metal center to account for the higher MC state cannot be
eliminated. For 1b, owing to the proximity in energy levels,
the *MLCT/nm*—>MC —S, radiationless pathway is expect-
ed to be efficient, accounting for its weak emissive nature
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(i.e., relatively low quantum yield (0.0067) and short ob-
served lifetime (7,,,~6.3 us)) compared with that of 4b
(quantum yield (0.49), and 7,,,~40.7 us, see Table 1), and
vice versa for 1a and 4a (see Table 1). A similar strategy
has been successfully applied in the design and synthesis of
Ru" complexes showing bright room-temperature phosphor-
rescence.?!!

Finally, as shown in Tables 2 and 3, for both S; and T,
states, the %MLCT in 4a is calculated to be slightly larger
than that in 4b. This result seems to be contradictory to the
tert-butyl electron-donating properties, which should elevate
the chelate s contribution to the HOMO and hence rela-
tively discount the d, contribution of the Ir'™ metal ion in
4a. The results may be rationalized by an indirect induction
effect in which the electron donation is passed by the fert-
butyl substituent of 4a. Thus, one can envisage the electron
delocalization from the fert-butyl-substituted pyrazolate
transmitting through the central Ir'™ metal ion and extend-
ing to the isoquinolinyl moiety; the net effect is to enhance
the metal-ligand interaction as well as to increase the elec-
tron density at the Ir'™ center and hence to give more
MLCT character. Note that increase of %MLCT enhances
the spin-orbit coupling and hence results in a larger radia-
tive decay rate constant k.. This is consistent with the exper-
imental observation, which shows larger k, for 4a (k,~7.7 x
10*s™!, compared with 4b~1.2x10*s™).

Electroluminescence properties of OLED devices: With its
rather high quantum efficiency, 4a was then subject to elec-
troluminescent studies. The results were compared with
those of the heteroleptic complex 5 based on the same lumi-
nescence chromophore.’! To achieve highly efficient phos-
phorescent OLEDs (PhOLEDs), several criteria should be
satisfied in the architecture design. First, a host with the
triplet energy higher than that of the phosphorescent guest
is desirable to facilitate the exothermic energy transfer from
the host to the guest and to prohibit energy back-transfer,
thereby effectively confining triplet excitons on guest mole-
cules.”” Considering the triplet energy gaps of both 4a and
5 (~2.19 eV), the widely used host material 4,4'-N,N'-dicar-
bazolebiphenyl (CBP) was used,”™ which has a triplet
energy gap of 2.56 eV and provides good exciton confine-
ment on the present guest molecules. In addition, the photo-
luminescence of CBP overlaps well with both of the absorp-
tion spectra of our target phosphors, which facilitates the
energy transfer from host to guest in the emitting layer. As
a result, a series of devices were fabricated. The schematic
structure of these devices and materials used are depicted in
Figure 9, for which the indium tin oxide (ITO), a-naphthyl-
phenylbiphenyl diamine (a-NPD), and Al were applied as
the anode, the hole-transport layer (HTL), and the cathode,
respectively. The architectures of the devices were ITO/
o-NPD (40 nm)/CBP doped with 8 wt % of 4a (series A) or
5 (series B) (30 nm)/BCP or TPBi or TAZ (40 nm)/LiF
(0.5 nm)/Al (150 nm). Moreover, three electron-transport/
hole-blocking materials commonly used in electrophospho-
rescence, namely 2,9-dimethyl-4,7-diphenyl-1,10-phenan-

4321

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

Y. Chi, C.-C. Wu, P-T. Chou et al.

A EUROPEAN JOURNAL

TPBi TAZ
2.4
28277
2 cathode
v o)
=z w | 4a
anode] & |
5.4 5.35
6.1
40 nm 30 nm 40 nm

Figure 9. The chemical structures of materials and the energy-level dia-
gram of the orange-emitting OLEDs.

rized in Table 4, whereas the representative EL characteris-
tics (EL spectra, current-voltage-brightness (I-V-L) and effi-
ciencies) for devices A3 and B3 are depicted in Figure 10.
As can be seen in Table 4, all devices A1-A3 showed the ex-
pected orange-red emission with CIE,, of (0.55, 0.45;
CIE, ,=the 1931 Commission Internationale de L’Eclairage
(x,y) coordinates). This characteristic suggests that the emis-
sion is exclusively derived from phosphor 4a, indicating effi-
cient exothermic energy transfer from host to guest mole-
cules and effective exciton confinement in the emitting
layer. Note that the adoption of different electron-transport-
ing materials has notable effects on the I-V-L characteristics.
For example, higher current density and luminance were ob-
tained in devices A1 (BCP) and A2 (TPBi), the results of
which are perhaps associated with the higher electron mobi-
lities of BCP and TPBi as well as the different capability in
carrier injection.” On the other hand, a significantly higher
peak external quantum efficiency of 14.6 % photon/electron
was obtained for the A3 device that employs the lower-mo-
bility material, TAZ, for which the peak luminescence effi-
ciency and the power efficiency went up to 34.8 cd A~! and
26.1 LmW™!, respectively. At the practical brightness of

throline (BCP, devices Al and a) b) 10"
' B v1)- 1.0 | 9 [

B.l)’ 2,2'2"-(1,3,5 benz.enfetrlyl) I E ¥ w0r
tris(1-phenyl-1-H-benzimida- 508 | <1or 3
zole) (TPBi, devices A2 and S el Sl 23
B2) and 3-(4-biphenylyl)-4- g L g - r 4
phenyl-5-tert-butylphenyl-1,2,4- 04T a ; 103

. . B ] Q
triazole (TAZ, devices A3 and 02 | §1o“‘ i S
B3),” were applied for exam- 0.0 b . \ L 5105_! el L
ining the electron transport/ 350 450 550 650 750 0 2 4 6 8 10 12 14 16
hole blocking, charge/carrier o Wavelength / nm d) Voltage /V
balance and for optimizing the 18 T 35 :
device performances. Finally, il Bl
LiF was used as the electron-in- E” 2r 25 [
S 3 10 c
jection layer. The energy levels S gl 5 20 .
of different materials used in T sf §15
the devices (taken from refer- 2 4f eor
ences or those estimated from g 2} £ St

0 L sonl el S oolu v evw vl il ol

the cyclovoltammetry data of 0 10 1 10 10f 4 T 10 10 100 10

4a and 5) are also marked in
Figure 9 for reference.

The electroluminescence
(EL) characteristics are summa-

Luminance / cd m2

Luminance /cd m2

Figure 10. a) The EL spectra of devices A3 ([J) and B3 (A) at 1000 cd/m?; b) Current-voltage-luminance (I-V-
L) characteristics of A3 ((J, H) and B3 (A, A); ¢) The external quantum efficiencies of devices A3 ([J) and
B3 (A); d) The luminance efficiencies of devices A3 ([J) and B3 (A).

Table 4. EL characteristics of devices with different electron-transporting layers.

o, -1 —1

Device E]QE [A)][hj [I;]E [edA [1]1] [l:]E [im W “]] Turn-on [V]® Max L [cdm™] ([V]) CIED CIEM

Al 10.6 10.4 26.0 252 16.8 12.8 4.0 41666 (13.4) 0.545, 0.452 0.545, 0.452
A2 10.4 10.3 252 24.9 19.3 12.6 3.8 40194 (13.4) 0.547, 0.450 0.547, 0.449
A3 14.6 13.9 34.8 32.7 26.1 171 4.0 26872 (15.4) 0.549, 0.449 0.549, 0.448
B1 7.5 7.4 18.8 18.6 10.6 9.4 44 25715 (12.8) 0.531, 0.459 0.529, 0.460
B2 7.5 7.4 18.3 18.2 10.0 9.9 44 26253 (12.8) 0.530, 0.458 0.528, 0.453
B3 11.6 10.9 28.6 271 17.6 14.2 4.4 18963 (14.0) 0.535, 0.460 0.533, 0.457

[a] Maximum efficiencies. [b] Measured at brightness of 100 cdm™. [c] Measured at brightness of 1 cdm™2. [d] Measured at brightness of 1000 cdm™.
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100 cdm™2, the efficiencies of device A3 still remain about
13.9%, 32.7cdA”’, and 17.1LmW ', respectively. Such
device results looked surprising at the first glance. Because
the hole mobilities of a-NPD and CBP (>107*cm?Vs)?!
are much higher than the electron mobility of TAZ
(~107°cm? V), one would expect higher EL efficiencies
from devices that use higher-electron-mobility BCP (A1)
and TPBi (A2). A further examination of the energy levels
of 4a and CBP (Figure 9), however, reveals a large differ-
ence in ionization potentials between 4a and CBP. Such a
discrepancy in the energy-level alignment could result in
hole trapping or hole-hopping transport on 4a within the
CBP layer, both of which would lower the hole-transport ca-
pability.”®! With such a scenario, in the current system, the
low electron mobility of TAZ might alternatively provide a
better condition for carrier balance in the emitting layer and
thus for higher EL efficiencies. Of course, other subtle dif-
ferences such as carrier injection from the electrode and
into the emitting layer might also play a certain role in dif-
ferent device behaviors observed.

We also tested 5 as the emissive dopant (i.e., in the series
B devices) for a fair comparison. These devices also exhibit
emission predominantly from 5 (Figure 10). Again, device
B3, which employed TAZ as the electron-transporting layer,
gave the highest efficiencies among the devices that used
the three different electron-transport materials (Figure 10,
Table 4). The peak efficiencies for B3 are about 11.6%,
28.6 cdA ! and 17.6 Lm W™, respectively. Although both 4a
and 5 are efficient emitters with similarly high PL quantum
yields and similar emission color,”” nevertheless in the pres-
ent device structures, complex 5 exhibits significantly lower
EL efficiencies. In Figure 10b, the lower voltage of the
device B3 (vs. A3) at a same current or a same brightness
can be noted, which indicates the differences in the carrier-
transport properties of the 4a- and 5-doped CBP emitting
layers. On the one hand, with only one pyrazolate chelate in
5, the hole-trapping capability of the dopant might be re-
duced. More insightfully, on the other hand, we have made
attempts to rationalize such a difference in transport proper-
ties by computing some parameters such as the ionization
potentials (IP), electronic affinities (EA), and the reorgani-
zation energy (1) to probe the intrinsic characters between
complexes 4a and 5. IP and EA are the parameters used
to evaluate the tendency of injecting holes and electrons, re-
spectively, the values of which are also directly related to
the energy of HOMO and LUMO orbitals. On the other
hand, 1 could be used to assess the transport properties. As
shown in Table 5, the IP for 4a, which is defined by the
energy difference between cation and neutral molecules
(both with the optimized neutral geometry), is smaller than

Table 5. Calculated ionization potentials (IP), electron affinities (EA),
and internal reorganization energy (1) for complexes 4a and 5.

IP [eV] EA [eV] Toe [eV] hee [eV]
4a 6.38 0.86 0.52 0.18
5 6.64 0.5 0.34 0.38
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that for 5, indicating that complex 4a is more subject to
hole injection from the hole-transport layer (HTL) and pos-
sesses better hole-trapping ability. Conversely, the higher
EA for 4a is better for accepting the electron injected from
the electron-transport layer (ETL). These trends are also
consistent with the order of the frontier orbital energy levels
depicted in Figure 11.

eV
2 LMo
34 %
4 4
-5

] HoMO
-

4a 5

Figure 11. The frontier orbitals of complexes 4a and 5.

Both charge-transfer rate and balance have a significant
influence on the EL efficiencies of the OLEDs device. The-
oretically, these transport properties can be computed by
using the simple Marcus/Hush model expressed as in
[Eq. (1)], in which V denotes the coupling matrix element
between the ions and molecules, and kg stands for Boltz-
mann constant.”’

T 1/212 _ A _
i) P ) =

k=

The degree of charge transfer between molecules in the
solid-state environment is rather weak and restricted, and
can thus be ignored in this approach. Accordingly, the trans-
port rate expressed in [Eq. (1)] solely depends on its internal
reorganization energy without taking account of any other
environmental relaxation and changes. As a result, the hole-
and electron-transfer rate can be estimated by using
[Eq. (2)] and [Eq. (3)], respectively.

e =25 + 4% = [E*(8") — E*(¢N)] + [E°(g") — E'(8")]  (2)
huee =47+ 2 = [E7(8") — E"(g)] + [E°(g7) — E°(8")]  (3)

E*(g") and E*(g") represent the cation energy under opti-
mized neutral and cation geometry, respectively, whereas
E%(g" and E°(g") denote the neutral energy under opti-
mized neutral and cation geometry, respectively. A similar
definition applies for A, except when using the minus su-
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perscript. For a cation that is relevant to hole transport,
Figure 12 qualitatively depicts the potential energy surface
as a function of nuclear coordinate. The numerical data
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Figure 12. A qualitative depiction of the potential-energy surface for neu-
tral and cationic species as a function of nuclear coordinate (see text for
the definition of A* and 1°).

listed in Table 5 indicate that the larger 4,.. for 4a reveals
poor hole-transporting properties. Apparently, by using the
relatively lower electron-mobility TAZ as the ETL can
reduce the rate difference between holes and electrons, the
result of which optimizes device performance effectively,
giving better external quantum efficiency. As for complex §,
the relatively low HOMO energy decreases its hole-trapping
ability (smaller A,,.), subtly altering the scenario of the car-
rier transport/balance and the exciton formation.

The above results reveal the interesting and subtle influ-
ences of ligating chromophores not only on the emission but
also on the electrical characteristics of phosphors. Because
both properties are critical in OLED devices, it in turn im-
plies that in designing effective phosphors for PhOLEDs,
not only the photophysical characteristics (colorant, quan-
tum yields) but also their electrical behavior must be consid-
ered. Hence, these closely related designs provide a good
example of how these may be fine-tuned through chelating
architectures.

Conclusion

In summary, a rational design has been presented for a new
series of homoleptic iridium(IIT) complexes, en route from
the isolation of two intermediates 2a and b and 3a and b
that both involve the coordination of two pyrazolate che-
lates as well as two terminal chlorides, to give the corre-
sponding complexes with either a cis-CL,Cl or a trans-Cl,Cl
arrangement. Further conversion from these intermediates
to the homoleptic, meridional 1a and 1b with tris(pyridyl
pyrazolates) resulted in intermediates with similar structures
being proposed en route to the formation of 4a and 4b with
tris(isoquinolinyl pyrazolates). For complexes 1a and 1b,
they demonstrate the unprecedented photophysical property

www.chemeurj.org
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of dual phosphorescence. The fast decay of the blue phos-
phorescence (P, band) at room temperature is attributed to
the rapid conversion from Ty o to Ty ¢y states followed by
perhaps a T;;cr—°MC—S, deactivation process. The cur-
rent result also agrees with previous reports for the related
homoleptic Ir'™ metal complexes such as mer- and fac-[Ir-
(dfppy)s], ((dfppy)H =4,6-difluorophenyl pyridine), in
which the meridional isomer is always less emissive at room
temperature compared with its facial counterpart under
identical conditions.”! We believe that a similar electron-
transfer process is operative for mer-[Ir(dfppy)s], which in-
duces a rapid radiation-free deactivation pathway, giving
poor emission at room temperature. We thus expect that the
interplay between Ty ¢ to Ty cr may, in general, play a key
role for spectroscopy and dynamics of the homoleptic-me-
ridional types of transition-metal complexes.

As for the isoquinolinyl derivatives 4a and 4b, both
showed bright-orange emission in the solid state, among
which 4a was selected as a prototype phosphor for the fabri-
cation of phosphorescent OLEDs, showing the maximum
external quantum efficiency as high as 14.6%. The respec-
tive performance data were superior to the OLEDs fabricat-
ed by using a related phosphor 5 with a single isoquinolinyl
pyrazolate chromophore. These results also showed that not
only the chromophoric ligand with the lowest energy gap,
but also other ancillary ligands are important for controlling
the efficiency and color of devices. The results would spark
a broad spectrum of interest in the field of inorganic photo-
chemistry and OLED research.

Experimental Section

General methods and materials: Mass spectra were obtained on a JEOL
SX-102 A instrument operating in electron impact (EI) mode or fast
atom bombardment (FAB) mode. 'H and "*C NMR spectra were record-
ed on Varian Mercury-400 or INOVA-500 instruments; chemical shifts
are quoted with respect to the internal standard tetramethylsilane for "H
and »C NMR data. Elemental analyses were carried out at the NSC Re-
gional Instrumentation Center at National Chao Tung University, Hsin-
chu (Taiwan). The pyridyl pyrazole chelates, namely: 3-fert-butyl-5-(2-
pyridyl) pyrazole (bppz)H, 3-trifluoromethyl-5-(2-pyridyl) pyrazole
(fppz)H,P? and their isoquinolyl derivatives, 3-tert-butyl-5-(1-isoquinolyl)
pyrazole (bipz)H and 3-trifluoromethyl-5-(1-isoquinolyl) pyrazole
(fipz)HP¥ were prepared according to the literature procedures. All reac-
tions were conducted under an N, atmosphere by using anhydrous sol-
vents or solvents treated with an appropriate drying reagent.

Preparation of (la): A suspension of sodium carbonate (372 mg,
1.85 mmol) was treated with (bppz)H (196 mg, 1.85 mmol) in diethylene
glycol monoethyl ether (DGME, 25mL). After stirring for 1h,
IrClL;-3H,0 (185 mg, 0.53 mmol) was added and the solution was heated
under reflux for 12 h. Excess water was added after cooling the solution
to room temperature. The precipitate was filtered, purified by silica-gel
column chromatography eluting with ethyl acetate, and crystallized from
a mixture of CH,Cl, and hexane at room temperature to render light-
yellow mer-[Ir(bppz);] (1a, 222 mg, 0.28 mmol, yield=53%). The deriva-
tive mer-[Ir(fppz);] (1b) was prepared by using a similar procedure
(yield=50%).

Spectral data of 1a: '"HNMR (400 MHz, CD,Cl,, 294 K): 6=7.73-7.63
(m, SH; CH), 7.56 (d, JH.H)=7.6Hz, 1H; CH), 743 (d, JHH)=
6.0 Hz, 1H; CH), 7.31 (d, J(H,H)=6.0 Hz, 1H; CH), 6.94-6.90 (m, 3H;
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CH), 6.85 (td, J(H,H)=5.8, 2.0 Hz, 1H; CH), 6.59 (s, 1H; CH), 6.55 (s,
1H; CH), 6.50 (s, 1H; CH), 1.34 (s, 9H; CH,), 1.29 (s, 9H; CHs;),
1.24 ppm (s, 9H; CH;); MS (FAB, "’Ir): m/z: 793 [M]*, 593 [M—bppz]*;
elemental analysis caled (%) for CiHpIrNy: N 15.90, C 54.53, H 5.34;
found: N 16.02, C 54.82, H 5.01.

Spectral data of 1b: '"HNMR (500 MHz, [Dg]acetone, 294 K): 6=8.22
(td, J(H,H)=6.0, 0.8 Hz, 1H; CH), 8.14-7.97 (m, 5H; CH), 7.74 (td,
J(HH)=6.0, 0.8 Hz, 1H; CH), 7.48 (td, J(H,H)=6.0, 0.8 Hz, 1H; CH),
7.42 (ddd, J(H,H)=7.4, 5.0, 1.2 Hz, 1H; CH), 7.34 (m, 1H; CH), 7.31 (s,
1H; CH), 7.28 (ddd, J(H,H)=7.4, 5.0, 2.0 Hz, 1H; CH), 7.25(s, 1H; CH),
720 (ddd, J(HH)=74, 5.0, 1.2 Hz, 1H; CH), 7.13 ppm (s, 1H; CH);
F NMR (470 MHz, [Dg]acetone): 6 =—59.80 (s, 3F; CF;), —60.00 (s, 3F;
CF;), —60.05 (s, 3F; CF;); MS (FAB, "Ir): m/z: 830 [M]*, 618
[M—fppz]*; elemental analysis calecd (%) for C,H;sFIrNy: N 1521, C
39.13, H 1.82; found: N 15.42, C 40.02, H 2.01.

cis-[Ir(bppz),CLLIH (2a) and trans-[Ir(bppz),CL,]JH (3a): A 50 mL reac-
tion flask was charged with (bppz)H (483 mg, 2.40 mmol), IrCl; (390 mg,
1.1 mmol), and 2-methoxyethanol (20 mL), and the resulting mixture was
heated under reflux for 12 h. After cooling to RT and removal of the sol-
vent, the residue was separated by silica-gel column chromatography
eluting with ethyl acetate, and crystallized from methanol to afford two
light-yellow components corresponding to cis-[Ir(bppz),CLIH (2a,
408 mg, 0.61 mmol, yield=55%) and trans-[Ir(bppz),CL|H (3a, 36 mg,
0.056 mmol, yield=5%).

Spectral data of 2a: '"HNMR (400 MHz, CDCl;, 294 K): §=9.58 (d,
J(H,H)=6.0 Hz, 1H; CH), 7.78 (t, J(HH)=7.4Hz, 1H; CH), 7.73 (d,
J(H,H)=8.0Hz, 1H; CH), 7.67-7.62 (m, 2H; CH), 7.39 (d, J(HH)=
6.0 Hz, 1H; CH), 7.22 (t, J(H,H)=6.0 Hz, 1H; CH), 6.98 (td, J(H,H)=
7.2, 1.2 Hz, 1H; CH), 6.69 (s, 1H; CH), 6.35 (s, 1H; CH), 1.51 (s, 9H;
CHj;), 1.12 ppm (s, 9H; CH;); MS (FAB, "Ir): m/z: 666 [M]*; elemental
analysis calcd (%) for C, HyIrCl,Ng: N 12.64, C 43.37, H 4.40; found: N
12.51, C 43.62, H 4.92.

Selected crystal data of 2a: C,;H,CLIrN,H,O; M,=682.64; monoclinic;
space group=Cc; a=11.6739(11), b=39.942(4), c=12.2437(12) A; p=
114.772(2)°; V=5183.7(9) A*; Z=8; peyea=1.747 mgm>; F(000)=2680;
crystal size =0.14 x 0.05 x 0.05 mm?*; A(Moy,) =0.7107 A; T=150(2) K; u=
5.386 mm™'; 24017 reflections collected; 11363 independent reflections
(Riny=0.0600); GOF=0.994; final R,[I>20(I)]=0.0475; wR,(all data)=
0.0930.

Spectral data of 3a: '"HNMR (500 Hz, CDCl;, 298K): 6=9.07 (d,
J(HH)=5.6 Hz, 2H; CH), 7.86-7.81 (m, 4H; CH), 7.39 (t, JHH)=
5.6 Hz, 2H; CH), 6.58 (s, 2H; CH), 1.51 ppm (s, 18H; CH;); MS (FAB,
Ir): miz: 665 [M]*, 630 [M—Cl]¥; elemental analysis calcd (%) for
C,,H,CLIrNg: N 12.64, C 43.37 H 4.40; found: N 12.24, C 43.15, H 4.78.
cis-[Ir(fppz),CL,]JH (2b) and trans-[Ir(fppz),CL,]JH (3b): The products cis-
[Ir(fppz),CLIH (2b, yield=31%) and trans-[Ir(fppz),CLIH (3b, yield=
19%) were prepared by using a procedure similar to that reported for
tert-butyl derivatives 2a and 3a. Single crystals of cis-[Ir(fppz),CL,]H and
trans-[Ir(fppz),CL,]H were obtained after repeated recrystallization from
acetone at room temperature.

Spectral data of 2b: '"H NMR (500 MHz, [Dg]acetone, 294 K): 6 =9.67 (d,
J(HH)=55Hz, 1H; CH), 8.13-8.07 (m, 2H; CH), 7.94 (d, J(H,H)=
7.0Hz, 1H; CH), 7.78 (td, J(H,H)=7.0, 1.0Hz, 1H; CH), 7.57 (td,
J(HH)=6.0, 2.0 Hz, 1H; CH), 7.52 (d, J(H,H)=5.5 Hz, 1H; CH), 7.20
(s, 1H; CH), 7.05-7.02ppm (m, 2H; CH); “FNMR (470 MHz,
[Dglacetone, 294 K): 6 =—60.5 (s, 3F; CF;), —60.3 (s, 3F; CF;); MS (FAB,
“*1r): m/z: 733 [M]*; elemental analysis caled (%) for C;gH;;CLIrFgNg: N
12.21, C 31.40, H 1.61; found: N 12.04, C 31.55, H 2.09.

Spectral data of 3b: "H NMR (500 Hz, [Dg]acetone, 298 K): 0=9.51 (d,
J(H,H)=6.0 Hz, 2H; CH), 8.38 (d, J(H,H)=8.0 Hz, 2H; CH), 8.26 (td,
J(HH)=8.5, 1.0 Hz, 2H; CH), 7.78 (td, J(H,H)=6.5, 1.5 Hz, 2H; CH),
7.66 ppm (s, 2H; CH); “FNMR (470 MHz, [DgJacetone, 294 K): 0=
—61.5 ppm (s, 6F; CF;); MS (FAB, "*Ir): m/z: 688 [M]*, 653 [M—CI]*,
617 [M—-2CI]*; elemental analysis caled (%) for C;gH;CLIrF{Ng: N
12.21, C 31.40, H 1.61; found: N 12.10, C 31.50, H 2.04.

Selected crystal data of 3b: CgH,,CLFJIrNgC;HsO; M,=746.50; ortho-
rhombic; space group=~P2,2,2;; a=11.9562(9), b=14.0045(10), c=
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14.4648(11); V=2422.03) A’; Z=4; peyea=2.044 mgm>; F(000) =1428;
crystal size =0.20x0.15x 0.15 mm®; A(Moy,) =0.7107 A; T=150(2) K; u=
5.808 mm™'; 15783 reflections collected; 5545 independent reflections
(Ri,y=0.0428); GOF=1.033; final R,[I>20(I)]=0.0339; wR,(all data)=
0.0760.

Alternative synthesis of mer-[Ir(bppz);] (1a): A mixture of cis-[Ir-
(bppz),CL,]JH (100 mg, 0.15 mmol), (bppz)H (45 mg, 0.22 mmol), and
Na,CO; (47 mg, 0.44 mmol) in 2-methoxyethanol (15mL) was heated
under reflux for 12 h. Excess water was added after cooling the solution
to room temperature. The precipitate was filtered, purified by using
silica-gel column chromatography eluting with ethyl acetate, and crystal-
lized from a mixed solvent of CH,Cl, and hexane at room temperature to
render light-yellow crystals (66 mg, 0.08 mmol, yield=56%).

Preparation of mer-[Ir(bipz)]; (4a): A suspension of sodium carbonate
(982 mg, 9.27 mmol) was treated with (bipz)H (1.17 g, 4.69 mmol) in
DGME (20 mL). After stirring for 1h, IrCl;-3H,0 (412 mg, 1.17 mmol)
was added and the resulting mixture was heated under reflux for 12 h.
Then excess water was added to precipitate an orange powder. This pre-
cipitate was further purified by silica-gel column chromatography eluting
with ethyl ether, and was crystallized from a mixture of CH,Cl, and
methanol at room temperature (4a, 769 mg, 0.81 mmol, yield=68.6%).

Spectral data of 4a: '"H NMR (500 MHz, [DgJacetone, 294 K): 6 =8.98 (t,
Jun=5.0Hz, 1H; CH), 894 (t, JHH)=5.0Hz, 1H; CH), 890 (d,
J(H,H)=8.5Hz, 1H; CH), 7.93-7.87 (m, 2H; CH), 7.81-7.78 (m, 3H;
CH), 7.75-7.69 (m, 4H; CH), 7.59 (d, J(HH)=6.5 Hz, 1H; CH), 7.48 (d,
J(H,H)=6.5Hz, 1H; CH), 7.35 (d, J(H,H)=6.5 Hz, 1H; CH), 7.25-7.30
(m, 2H; CH), 7.22 (s, 1H; CH), 7.20 (s, 1H; CH), 7.06 (s, 1H; CH), 6.93
(d, J(H,H)=6.0Hz, 1H; CH), 1.29 (s, 9H; CH;), 1.27 (s, 9H; CHj;),
1.22 ppm (s, 9H; CH;); MS (FAB, "*Ir): m/z: 945 [M]*, 694 [M—bipz]*;
elemental analysis caled (%) for CyHyIrNy: N 13.37, C 61.12, H 5.13;
found: N 13.43, C 60.71, H 5.27.

Selected crystal data of 4a: CuHs,CLLNyOIr; M,=1046.10; monoclinic;
space group=Cc; a=22.8643(6), b=11.1614(3), ¢=19.5508(5) A; =
109.2683(16)°; V=4709.8(2) A’; Z=4; peea=1.475mgm™>; F(000)=
2112; crystal size=0.35x0.05x0.04 mm*; A(Moy,)=0.7107 A; T=
295(1) K; u=2.995 mm™'; 24682 reflections collected; 8496 independent
reflections (R;, =0.0618); GOF=1.006; final R, [/>20(])]=0.0418; wR,
(all data)=0.0906.

Preparation of mer-[Ir(fipz)]; (4b): The derivative 4b was prepared in
62 % yield by using procedures reported for the fert-butyl analogue 4a.

Spectral data of 4b: '"HNMR (500 MHz, CDCl,;, 294 K): 6=8.77 (t,
J(H,H)=3.0 Hz, 1H; CH), 8.66 (d, J(H,H)=7.5 Hz, 2H; CH), 7.85-7.83
(m, 1H; CH), 7.80-7.78 (m, 2H; CH), 7.69-7.62 (m, SH; CH), 7.46-7.44
(m, 3H; CH), 7.37 (s, 1H; CH), 7.31 (d, J(H,H)=3.0 Hz, 2H: CH), 7.24
(t, J(HH)=25Hz, 2H; CH), 7.16 (d, J(H,H)=65Hz, 1H; CH),
711 ppm (d, J(H,H)=6.0 Hz, 1H; CH); “FNMR (470 MHz, CDCL):
6—=—60.23 (s, 3F; CFs), —60.26(s, 3F; CF5), —60.42 ppm (s, 3F; CF5); MS
(FAB, "Ir): mi/z: 978 [M]*; elemental analysis caled (%) for
CioH, IrF,N,: N 12.88, C 47.85, H 2.16; found: N 12.92, C 48.01, H 2.23.

X-ray diffraction studies: Single-crystal X-ray diffraction data were mea-
sured on a Bruker SMART Apex CCD diffractometer using (Moy,) radi-
ation (A=0.71073 A). The data collection was executed by using the
SMART program. Cell refinement and data reduction were performed
with the SAINT program. The structure was determined by using the
SHELXTL/PC program and was refined by using full-matrix least
squares analysis. CCDC-753561 (2a), 753560 (3b), and 753559 (4a) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Photophysical data measurement and OLED fabrication: Steady-state
absorption, emission, and phosphorescence lifetime measurements both
in solution and in the solid state have been described in our previous re-
ports.’¥ For measuring quantum yields in the solid state, an integrating
sphere (Labsphere) was used. The solid film was prepared by using a
vapor-deposition method and was excited by a 514 nm Ar* laser line.
The emission was then acquired by an intensified charge-coupled detec-
tor for subsequent analyses.”! The fabrication procedures for the OLED
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devices including those for patterning and cleaning of ITO substrates fol-
lowed those described in the literature.

Computational methodology: Calculations on electronic singlet and trip-
let states of complexes 1a, 1b and 4a, 4b were carried out by using a
hybrid Hartree—Fock/density functional model (PBE1PBE) based on the
Perdew-Burke-Erzenrhof (PBE) functional*”! Restricted and unrestrict-
ed formalisms were adopted in the singlet and triplet geometry optimiza-
tion, respectively. A “double-{” quality basis set consisting of Hay and
Wadt’s effective core potentials (LANL2DZ)" was employed for the Ir
atom, and a 6-31G* basis set™ was employed for H, C, N, and F atoms.
The relativistic effective core potential (ECP) replaced the inner core
electrons of Ir'"! metal atom, leaving the outer core (5s*5p°) electrons and
the 5d° valence electrons to be concerned. TDDFT calculations by using
the PBEO functional were then performed®” based on the optimized
structures at ground states in combination with an integral equation for-
malism-polarizable continuum model in dichloromethane (IEF-PCM),
implemented in Gaussian 03.!! Typically, the lowest triplet and singlet
roots of the nonhermitian eigenvalue equations were obtained to deter-
mine the vertical excitation energies. Oscillator strengths were deduced
from the dipole transition matrix elements (for singlet states only). All
calculations were carried out by using Gaussian 03.?

The electronic configurations of *MC dd states were calculated following
the literature methodology.” The *MLCT state geometry was obtained
by performing geometry optimization along the triplet state potential-
energy surface (PES) by using the X-ray structural data as the initial ge-
ometry. As for the *MC state, because the electron densities are mainly
distributed on the central metal atom, the chelating interaction between
metal and ligands must be rather weak. We thus performed geometry op-
timization of the *MC state following the methodology illustrated in the
work of Persson et al.”’! The method starting with a distorted geometry,
for which the metal-ligand bonds are largely elongated, such that its as-
sociated energy is expected to be far away from the global minimum
along the PES. Based on this methodology, the optimization is then able
to fall into the presumably shallow local minimum associated with the
*MC dd excited state. The resulting *MC dd excited state structure was
then confirmed by the net spin values located on the transition metal
from the Mulliken population analysis. The frontier orbitals and net spin
values of the *MC dd state for complexes 1b and 4b are depicted in the
Supporting Information for reference (Figures S3 and S4).

Compositions of molecular orbitals in terms of the constituent chemical
fragments were calculated by using the AOMix program. For the char-
acterization of the HOMO—x—LUMO +y transitions as partial charge-
transfer (CT) transitions, the definition of the CT character in [Eq. (4)]
has been used in which % (M)HOMO—x and % (M)LUMO+y are elec-
tronic densities on the metal in HOMO—x and LUMO +y, respectively.

CT(M) = %(M)HOMO—x—%(M)LUMO—y o

If the excited state (e.g., S, or T)) is formed by more than one one-elec-
tron excitation, then the metal CT character of this excited state is ex-
pressed as a sum of CT characters of each participating excitation, i—j,
as shown in [Eq. (5)] in which C; (i—j) are the appropriate coefficients
of the Ith eigenvector of the CI matrix.

CTi(M) = Y~ [Cili = ) (% (M), =% (M);) 5)

ia

Accordingly, one can very effectively use the MO compositions in terms
of fragment orbital contributions to probe the nature of the electronic
transitions.
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