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Abstract: By combining the iridium-
(IT) ppy-type complex (Hppy=2-phe-
nylpyridine) with a square-planar plati-
num(II) unit, some novel phosphores-
cent oligometallaynes bearing dual
metal centers (viz. Ir'™ and Pt") were
developed by combining trans-[Pt-
(PBu;),Cl,] with metalloligands of iridi-
um possessing bifunctional pendant
acetylene groups. Photophysical and
computational studies indicated that
the phosphorescent excited states aris-
ing from these oligometallaynes can be
ascribed to the triplet emissive Ir'™
ppy-type chromophore, owing to the
obvious trait (such as the longer phos-

phorescent lifetime at 77 K) also con-
ferred by the Pt" center. So, the two
different metal centers show a synergis-
tic effect in governing the photophysi-
cal behavior of these heterometallic
oligometallaynes. The inherent nature
of these amorphous materials renders
the fabrication of simple solution-pro-
cessed doped phosphorescent organic
light-emitting diodes (PHOLEDs) fea-
sible by effectively blocking the close-
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packing of the host molecules. Salient-
ly, such a synergistic effect is also im-
portant in affording decent device per-
formance for the solution-processed
PHOLEDs. A maximum brightness of
3356 cdm™? (or 2708 cdm™?), external
quantum efficiency of 0.50% (or
0.67%), luminance efficiency of
1.59cdA™! (or 1.55cdA™"), and power
efficiency of 0.60LmW™  (or
0.55LmW™") for the vyellow (or
orange) phosphorescent PHOLEDs
can be obtained. These results show
the great potential of these bimetallic
emitters for organic light-emitting
diodes.
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Since the successful synthesis of Zeise’s salt K[PtCly(C,H,)]
in 1827, organometallic complexes have always been an
active research field in the scientific community for not only
their unique structures and bonding features but also their
intrinsic properties, showing potential applications associat-
ed with new material synthesis,!! ion sensing,”! and utiliza-
tion of new energy sources,” and so forth. Owing to the in-
herent character of the metal center, transition-metal com-
plexes show a tendency to chelate with certain chemical
groups in molecules which will be activated for further
chemical reaction with other reagents. Furthermore, the
configuration of ligands in transition-metal complexes usual-
ly exert a great effect on the yield of the reaction and the
structure or even the geometry of the final product.®! So,
transition-metal complexes are very often effective catalysts
for many organic transformations to bring about a diversity
of molecules with special properties for new materials re-
search. The photophysical behavior of some metalated com-
plexes is sensitive to guest ions, such as CN~, F, and so
forth, in solution, hence, they can also play the role as ion
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sensors, which is an important topic for environment protec-
tion. Besides, the Pt" polymetallaynes and Ru" bipyridine-
type molecules are able to function as high-performance op-
toelectronic materials for bulk-heterojunction polymer and
dye-sensitized solar cells®® and highly transparent optical
power limiters.”!

Owing to the large spin-orbit coupling constant of heavy
transition-metal atoms, significant triplet (or phosphores-
cent) state characters are associated with many transition-
metal complexes, especially for the third-row transition-
metal (Re!, Os", Tr'", and Pt")E! complexes. Successfully
harnessing both of the singlet and triplet excited states in
triplet emitters has brought revolutionary progress to the
field of organic light-emitting diodes (OLEDs). Traditional
singlet/fluorescent emitters will favor a 3:1 ratio of the non-
emissive triplet states over singlet states according to the
quantum spin statistics prediction for the free charge-carri-
ers, which severely limits device efficiency.'” Among all the
known triplet emitters/phosphors, the unique photophysical
features associated with Ir™ and Pt" ppy-type (Hppy=2-
phenylpyridine) complexes, such as tunable emission color,
high phosphorescent quantum yield (@,), relatively short
lifetime (z,), and so forth, would definitely place them in a
favorable position to meet the
targets in both full-color flat-
panel displays and low-cost
lighting sources. |

While there are numerous
potential uses of transition-
metal complexes nowadays, we
are confident that new applica-
tions or improved performances
would emerge as other new ma-
terials continue to be devel-
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metals in a single metallopo-
lyyne chain also has significant
appeal and there are a few re-
ports on using Au', Fe", Hg",
Re!, Ru', Pd", Pt!, and so
forth, in synthesizing bimetallic
metallayne materials.">>1!
While it is well-known that cy-

clometalated Ir™ complexes are
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Scheme 1. Synthesis of the Ir
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promising light-emitting molecules in realizing phosphores-
cent small-molecule and polymer OLEDs, to our knowl-
edge, linking these Ir'™ moieties with polyplatinynes in some
bimetallic materials should bring about the best of both
worlds. In view of this, we present here the first examples of
novel phosphorescent heteronuclear oligometallaynes con-
sisting of dual metal centers (namely, Ir'™ and Pt") in the
main chain, and their photophysical behavior and potential
light-emitting application will be described.

Results and Discussion
Synthetic Strategies and Chemical Characterization

Chemical structures and the detailed synthetic protocols of
the new Ir(C”N),(acac)-based metalloligands L1 and L2 are
shown in Scheme 1 (Hacac=acetylacetone, C*N =anionic
cyclometalating ligand; also see Supporting Information).
With the selective Stille coupling reaction,*! the bromo-
substituted ppy-type chelates were synthesized successfully.
In order to avoid the side reactions under the reaction con-
ditions for the trimethylsilylethynyl group, compounds 1 and
2 were prepared first. They then underwent a Sonogashira-

Toluene
i) IrCly
ethoxylethanol/H,O
ii) acetylacetone, Nay,CO;3
ethoxylethanol

Toluene

CH,Cl,

metalloligands.
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Electrophosphorescent Heterobimetallic Oligometallaynes

type coupling reaction**! to produce the ligand precursors
3 and 4, respectively. After deprotection with a base under
very mild conditions, L1 and L2 were obtained as orange
solids in high yields of ~85% (see Supporting Information).

For the synthesis of the dual transition-metal-coordinated
polyynes, each of the corresponding metalloligands reacts
with trans-[Pt(PBu;),Cl,] in a 1:1 feed mole ratio through a
dehydrohalogenation protocol under a Cul/Et;N catalytic
system (Scheme 2).™) The oligometallaynes P1 and P2 can
be obtained as orange solids in good yields after precipita-
tion from methanol.

trans-[Pt(PBu3),Cl,]
="
Cul, E5N/CH,Cl,

Scheme 2. Synthesis of the bimetallic polymetallaynes of Ir'™! and Pt".

The chemical structures of the metalloligands L1 and L2
have been characterized thoroughly by elemental analysis,
NMR ('H and "*C), and mass spectra (see Supporting Infor-
mation). The characteristic signal for the terminal C=CH at
approximately 3.00 ppm in each of the 'H NMR spectra of
L1 and L2 indicates that the functional group necessary for
the dehydrohalogenative reaction remains intact. The struc-

CHEMISTRY

AN ASIAN JOURNAL

tures of P1 and P2 were also characterized by NMR ('H,
C, and *'P) and GPC. The broad proton signals in their
"H NMR spectra reveal their polyyne character. However,
the GPC results show that the M, for P1 and P2 is approxi-
mately 1.3x10*gmol™' and 1.1x10*gmol™', respectively.
The relatively low M, values with reference to the molecular
weight of the metalloligand comonomer indicate that P1
and P2 are better described as oligomers, which can be re-
vealed from the weak FT-IR absorption band at around
390 cm™ (Figure S1 in the Supporting Information) corre-
sponding to the unreacted terminal Pt—Cl bond. The reso-
nance signal at about 4.00 ppm
in the *'P-{'"H} NMR of the bi-
metallic polyynes indicates that
the Pt(PBu;), moieties adopt a

— trans configuration in the oligo-

meric chain.

Thermal and Photophysical
Properties

The thermal properties of the
oligometallaynes  with  dual
transition-metal centers were
studied by thermogravimetric
analysis (TGA) and differential
scanning calorimetry (DSC)
under a nitrogen atmosphere
(Table 1). The TGA data reveal
that all the metal complexes
have excellent thermal stability
and their 5% weight-reduction
temperatures (ATs,) exceed
320°C. Analysis of the DSC
traces for the polyynes showed no crystallization peaks but
only glass-transition temperatures (7,), which can be attrib-
uted to the branched and tortuous configuration of the Ir-
(C"N),(acac)-centered moieties in the backbone of the oli-
gometallaynes. There is a notable rise in the 7, from
metalloligand to the corresponding oligometallaynes, indi-
cating that the oligomerization process tends to hinder the

Table 1. Photophysical and thermal data for the new oligometallaynes and their corresponding ligand precursors.

Compound Absorption Emission b, [%]™ 7, [us] 7, [us] AT,/ T, [°C]*
Aupe [nm]® Ao [0 203 K/77 K 203K
293 K 293 K/77 K
P1 229, 260, 287, 379, 400, 446, 465, 487 549, 588/552, 599 12.3 0.11/10.82 14.83 320/140
P2 229, 251, 283, 383, 400, 474, 502 5717, 625/577, 631 4.8 0.51/12.12 6.26 334/172
L1 227 (31330), 282 (63240), 304 (48055), 538, 571/538, 581 23.5 0.21/4.99 5.43 330/110
350 (8850), 377 (5880), 430 (4390),
464 (3195), 480 (2640)
L2 229 (43225), 294 (39410), 341 (61180), 567, 608/567, 611 9.2 0.66/7.77 13.47 346/120

355 (55690), 400 (17220), 472 (5470),
489 (4760)

[a] Measured in CH,Cl, at a concentration of 10~°M and ¢ values are shown in parentheses. [b] In CH,Cl, relative to fac-[Ir(ppy);] (®,=0.40), 1.,=
400 nm. [c] Measured in freeze-pump-thaw degassed CH,CI, solutions at a sample concentration of ca. 10~°m and the excitation wavelength was set at
355 nm. [d] The triplet radiative lifetimes were deduced from t,=1,/®p [e] ATy, is the 5% weight-reduction temperature and 7, is the glass transition

temperature.
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mobility and flexibility of the chelating ligands and hence, a
higher T, was observed for the Ir/Pt-based oligometallaynes
(140°C for P1 and 170°C for P2) which are desirable for
subsequent device study (vide infra).

Both P1 and P2 exhibit two major absorption bands in
their UV/Vis spectra (Figure 1a). The intense UV bands

a
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Figure 1. a) Absorption and b) PL spectra of P1 and P2 and their
metalloligand precursors in CH,Cl, at 293 K.

near 400 nm are attributed to the spin-allowed 'm—m* transi-
tions. The weaker, low-energy features result from both
"MLCT and *MLCT (metal-to-ligand charge transfer) excita-
tions. The strong spin-orbit coupling is confirmed by the
similar oscillator strengths for the two MLCT bands
(Table 1).['¢) Compared with the absorption data of L1 and
L2, the polyynes P1 and P2 show almost similar MLCT
energy states to L1 and L2 while their spin-allowed 'm—m*
transitions are shifted to a longer wavelength. Since the ab-
sorption behavior for the ground state has a close relation-
ship with the characteristics of the molecular orbitals (espe-
cially for the HOMOs), we carried out time-dependent den-
sity functional theory (TD-DFT) computations for the com-
pounds to elucidate their electronic properties.

Without loss of generality, the theoretical computations
for P1 and P2 were made based on their repeat units to
save the computation times. Such repeating units essentially
serve as model compounds for the photophysical behavior
of the polymeric molecules.”" From the HOMO/HOMO-1

2408 www.chemasianj.org
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patterns for the repeat unit of P1 and P2 (Figure 2¢ and 2d
and Table 2), the d, orbitals of their Pt" centers make clear
contributions (12.5% for P1 and 17.6 % for P2, respectively)
and the atomic contributions for a m system are distributed
over the two main ligands bonded with the central trans-Pt-
(PBu;), moiety, which would extend the conjugation length
of Ir'-based chromophore to afford lower-energy spin-al-
lowed !m—m* transitions."® Such a marked difference for the
'n—m* transitions in metalloligands and oligometallaynes is
consistent with the data in Figure 1a. From the distribution
pattern of the frontier orbitals for L1 and L2 and the repeat
units of P1 and P2, the MLCT transitions for both metalloli-
gands and Pt/Ir polyynes involve similar electronic charac-
ters consisting of the d, orbitals of the Ir™ center to the &
orbitals of the pyridyl ring in the ligands, despite the fact
that some contribution from the d, orbitals of Pt! moieties
cannot be totally excluded. So, the absorption energies for
the MLCT bands are similar for both the polyynes and their
ligand precursors (Figure 1a).

Upon light irradiation at 400 nm, P1 and P2 both produce
intense yellow/orange phosphorescence. Their emission
spectra with obvious vibronic progressions indicate that the
phosphorescent emissions of P1 and P2 mainly originate
from the ligand-centered (LC) *m—m* states, probably to-
gether with a small contribution from *MLCT transitions
(Figure 1b and Table 1). The structureless low-energy fea-
tures may be caused by the vibronic coupling interactions
(Figure 1b). In order to account for their photolumines-
cence (PL) behavior, we have examined their electronic
structures which have a close relationship with the photo-
physical behavior. Our TD-DFT calculations show that the
lowest-energy transitions correspond to the HOMO —
LUMO transitions with non-zero oscillator strengths and
only the HOMO-LUMO transition is important for the first
excited state (Table 2). From Table 2, it is shown that the
MO compositions in S; are similar to those in T, in our sys-
tems. So, the HOMO-LUMO transition also contains the
character for the T, states in the bimetallic polyynes and
their metalloligands, which are the origin of the phosphores-
cence. Therefore, we focus our attention on the HOMO-
LUMO analyses in the following discussion for their phos-
phorescent behavior. Similar to their absorption behavior,
the trans-Pt(PBu;), moiety can extend the conjugation
length along the main chain in P1 and P2, as can be re-
vealed from their HOMO/HOMO-1 patterns and also those
found in other reported Pt'-arylacetylides."**! Accordingly,
the conjugation length of the ppy-type ligands chelated with
an Ir'™ center is increased after copolymerization, which cor-
roborates well with the observed red-shift of the 'm—m* tran-
sitions in the metallopolyynes relative to their metalloli-
gands (Figure 1a). Hence, the enhanced conjugation effect
will lead to bathochromic behavior for the emission maxima
of P1 and P2 (Figure 1b and Table 1). Furthermore, the
photophysical investigation of Ir'™ ppy-type complexes sug-
gests that the triplet emission would typically exhibit more
LC character with increasing conjugation length of the li-
gands,""™ which is reflected from the notably more struc-

Chem. Asian J. 2010, 5, 24052414
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% HOMO-1 HOMO-1

Figure 2. Contour plots of the highest occupied (HOMO-1 and HOMO) and lowest unoccupied (LUMO) mo-
lecular orbitals for a) L1, b) L2, ¢) repeating unit of P1 and d) repeating unit of P2.
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peating unit of P1 and P2 in
Figure 2, the lowest-energy ex-
cited state is largely dominated
by the LC characteristics.

It is not expected that the
lifetime for P1 and P2 is shorter
at 293K but longer at 77K
than that of their corresponding
precursors L1 and L2. It is an-
ticipated that the lifetime of the
polymetallayne might be short-
ened at any temperature com-
pared with that of the free
ligand if they possess similar
emissive triplet excited states,
since copolymerization would
link up the free monomers to-
gether which might cause a
stronger quenching effect ac-
cordingly. Compared with those
of L1 and L2, the much longer
lifetimes for P1 and P2 at 77K
certainly need more careful at-
tention here. It appears that the
emissive triplet excited states
probably exhibit different char-
acters for the oligometallaynes
and their metalloligands. From
the HOMO electron distribu-
tion of the repeating units of P1
and P2 (Figure 2 and Table 2),
the contribution from the d, or-
bitals of the Pt" center (12.5%
for P1 and 17.6 % for P2) indi-
cates that the Pt" center can
induce strong spin-orbit cou-
pling."”!  With reference to
many Pt'-centered bis(aryle-
neethynylene)s in the literature,
the spin-orbit coupling effect
would facilitate the triplet emis-
sion.’ So, the emissive triplet
excited states in P1 and P2 nec-
essarily contain some phosphor-
escent character owing to the
Pt"-bis(aryleneethynylene)
chromophore which is prone to
be very temperature sensitive
and possess much longer life-
times compared with those in-
duced by the Ir'™ center in their
Ir ppy-type complexes. The
triplet emissive states for P1

tured line shape of the emission spectra on going from the and P2 at 77 K should consist of a significant contribution
metalloligands to the mixed-metal polyynes, indicating that coming from the long-lived triplets of Pt"-bis(aryleneethyny-
more LC *m-n* excited states are involved in P1 and P2 lene) besides those from the Ir'™-centered moiety, which is

(Figure 1b). By looking at the LUMO pattern of each re- not the case for L1 and L2. Hence, P1 and P2 show much

Chem. Asian J. 2010, 5, 2405-2414 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Percentage contribution of the metal d orbitals to HOMO and LUMO together with the TD-DFT calculation results.

compound contribution contribution largest coefficient in the CI largest coefficient in the CI oscillator strength (f)
of metal d of metal d expansion of the T statel®! expansion of the S; statel®! of the S,—S§, transition
orbitals to HOMO orbitals to LUMO (Sy—T; excitation energy) (Sy—S; excitation energy)

P1 12.54% (Pt) 0.0021 % (Pt) H—L: 0.11 (529 nm) H—L: 0.20 (484 nm) 0.014
1.23% (Irl) 3.95% (Ir1)

13.37% (Ir2) 0.00014 % (Ir2)

P2 17.59% (Pt) 0.0038 % (Pt) H—L: —0.13 (548 nm) H—L: —0.31 (490 nm) 0.029

1.84% (Irl) 2.93% (Ir1)

4.26% (Ir2) 0.00037 % (Ir2)
L1 43.20% (Ir) 2.48% (Ir) H—L: 0.61 (521 nm) H—L: 0.67 (466 nm) 0.038
L2 50.13% (Ir) 3.34% (Ir) H—L: 0.65 (541 nm) H—L: 0.68 (482 nm) 0.050

[a] H—L represents the HOMO to LUMO transition. CI stands for configuration interaction.

longer lifetimes at 77 K. At
293 K, the long-lived character

R lT

for the triplet emissive states of

P1 and P2 would become insig- Al»(]()() nm)
nificant. As a result, the life- LiF (1 nm)
. . . Algs (40 nm)
time of the oligometallaynes is
. . BCP (15 nm)
very similar to that of their cor- - SOsH SO SOsH  SO;  SOsH
. . x% dopant:CBP (50 nm)
responding metalloligands O O O O
PEDOT:PSS (40 nm)
(Table 1). L
11O
Glass |
n
Electrophosphorescent PEDOT:PSS

Characterization

The photophysical investigation
described in the previous sec-
tion shows that the new bime-
tallic oligometallaynes P1 and

P2 (P1: HOMO=-544¢V,

LUMO=-3.00¢V, E,= CBP

2.44 eV; P2: —5.46¢€V, Dopant
—3.07¢eV, 2.39eV) should be -
good phosphorescent materials.

Moreover, their oligomeric P2

nature would simplify electro-
phosphorescent OLED charac-
terization by the solution proc-
essing techniques, so doped
phosphorescent organic light-
emitting diodes (PHOLEDs) have been prepared. Figure 3
depicts the general structures of the PHOLEDs and the mo-
lecular structures of the compounds employed. 4,4'-N,N'-Di-
carbazolebiphenyl (CBP) was used as the carrier recombina-
tion host for our metallophosphors owing to its ambipolar
charge carrier-transporting properties and suitable triplet
energy level. The composite polymer solution of PE-
DOT:PSS (poly(3,4-ethylene-dioxythiophene)-poly(styrene
sulfonate)) was first spin-coated on the I'TO surface to serve
as the hole-injection (HI) layer. Then, the emitting layer of
polymetallayne dopant and CBP host was deposited by
simple spin-coating method. Owing to the highly amorphous
character of the emitter, the inclination for crystallization of
CBP was hindered greatly and a good-quality emission layer
was obtained. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthro-
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BCP Alg;

Devices and doping level

A1 (S Wt%), A2 (10Wt%), A3 (20 wt%)

B1 (5wt %), B2(10wt%), B3 (20 wt %)

Figure 3. The general configuration for the electrophosphorescent OLEDs and the molecular structures of the
relevant compounds used in these devices.

line (BCP) was adopted as a hole-blocker, tris(8-hydroxy-
quinolinato)aluminum (Algq;) as an electron-transporter, and
LiF as an electron-injection material. All of the devices con-
sist of the multilayer configuration ITO/PEDOT:PSS
(40 nm)/x%  dopant:CBP (50 nm)/BCP (15 nm)/Alq;
(40 nm)/LiF:Al (1:100 nm). To optimize the device efficien-
cy, concentration dependence experiments were carried out
in the range of 5 to 20 wt %. When a proper voltage was ap-
plied to the devices, intense electrophosphorescence har-
nessed by the strong heavy-atom effect of Ir and Pt was
observed (Figure 4 and Figure S2 in the Supporting Informa-
tion). Devices A1-A3 with P1 as the emitter give yellow
electrophosphorescence with an emission maximum at
552 nm while devices B1-B3 made from P2 exhibit orange
electrophosphorescence with an emission maximum at

Chem. Asian J. 2010, 5, 24052414
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—®— Device A2
\D —0O— Device B2

1.0 |-

0.8 |

Figure 4. The EL spectra for the best devices (devices A2 and B2 at
10 wt % doping level) at 8 V.

580 nm. The close resemblance of the EL spectra with the
corresponding PL spectra in each case indicates that the EL
originates from the triplet states of the phosphorescent poly-
metallayne (Figure 4). No emission from CBP was observed
from the EL spectra of devices A1-A3 and B1-B3, which
indicates the effective energy transfer from CBP host to
phosphorescent dopant (Figure S2 in the Supporting Infor-
mation). However, the EL spectra for the devices with
lower doping levels (1 wt% and 2 wt %) exhibit an obvious
emission band from CBP (ca. 400 nm) and a broad emission
peak (ca. 470 nm) from the exciplex of CBP as indicated by
its structureless spectra, showing that a low amount of
dopant cannot harness all the energy from the host and tend
to block the packing arrangement among the host molecules
(Figure S3 in the Supporting Information). Accordingly, de-
vices with higher doping levels were made. When the
doping level was increased to 5 wt%, the emission bands
arising from CBP and its exci-
plex completely vanished (Fig-
ure S3 in the Supporting Infor-
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the emitting sites can be shown to result in a better emission
color purity.

The luminance-voltage-current density (L-V-J) character-
istics for the devices are shown in Figure 5 and Figure S4 in
the Supporting Information. The key performance parame-

—m— Device A2
—0— Device B2

1000 b 1 500

100 £ - .
b o R Jon'TE
E g 5]
3 ¥ <
2 ol W 4200 g
~ d 3
I o o =
', o d
/ d w o - 100
[ 3t o o0
_/D o - o
[ { i
1 n—nmmr—v—&nmmnnﬂﬁ'!ﬂﬂEﬁ:ﬂD?ij ) L ¢ 40
4 6 8 10 12 14 16
Viv

Figure 5. The L-V-J curves for devices A2 and B2.

ters for all the devices are summarized in Table 3 and it can
be seen clearly that devices A2 and B2 with a doping level
of 10 wt% give the best performance. They turned on at 5.9
and 5.2V, respectively. Device B2 produced the maximum
luminance of about 2708 cdm™ at 15.4 V. The relatively
high driving voltages with respect to the typical vacuum-
evaporated devices may arise from the thicker emissive
layer of CBP:Ir dopant used and the large hole barrier at
the PEDOT:PSS/CBP interface (HOMOs of CBP ~—6.2 eV
versus PEDOT ~—5.0 eV). Device A2 can even emit bright-
er light at the luminance of about 3356 cdm™ at a lower
voltage of 13.4 V. Furthermore, these solution-processed de-
vices show decent efficiency data. Compared with other
polymeric PHOLEDs, device A2 shows respectable peak

Table 3. Performance data of polymetallayne-doped electrophosphorescent OLEDs.

mation). So, the phosphores- peyice Phosphor dopant Vi, on  Luminance L 7qy N M Amax

cent oligometallaynes can con- [Vl [cdm™? [%] [cdA™] [LmW™]  [nm]“
sume the energy from the host A1 P1 (5 wt%) 6.4 2431 0.39 126 0.41 552
properly and provide a highly 1117 0.35 1.09 0.31 (0.46, 0.52)
amorphous  doped  emission 2262 (13.2)1 040 (98) 126 (9.8)  0.42(9.2)

laver by virtue of the olicomer- A2 P1 (10 wt%) 5.9 3230l 0.40 1.57 0.54 552

‘ayer by g 12550 0.40 1.28 0.36 (0.47,0.52)
ic character of the phosphores- 3356 (13.4) 050 (8.8) 159 (8.6)  0.60 (7.8)

cent emitters, which is necessa- A3 P1 (20 wt %) 52 81k 0.15 0.40 0.18 552

ry for high-performance devi- 476" u 0.16 0.47 0.17 (0.46, 0.52)
ces. Encouragingly, no obvious 1650 (12.2) 0.17(88)  048(88)  0.18(7.8)

. . B1 P2 (5 wt%) 72 27614 0.60 1.40 0.40 580
emission bands from the exci- 99610 043 0.99 024 (0.56, 0.43)
mer formed by the packing of 2258 (152)F1 063 (10.0) 145 (10.0) 047 (9.4)
the emitting centers were de- B2 P2 (10 wt%) 5.6 28744 0.63 1.47 0.43 580
tected even at the doping level ;28:?15 4y 8-‘61; o) ;(5)2 o) 822 62 (0.56,0.43)
as high as 20 wt % (Figure S2in 5, P2 (20 wt%) 57 1231 0.27 0.64 0.23 580
the Supporting Information). 5841 0.26 023 0.16 (056, 0.44)
Hence, the advantage of the 1861 (14.8)1 028 (9.6)  0.65(9.6)  0.24 (8.0)

novel structures in P1 and P2
to block close-packing among

Chem. Asian J. 2010, 5, 2405-2414
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[a] Values collected at 20 mA cm 2 [b] Values collected at 100 mA cm 2. [c] Maximum values of the devices.
Values in parentheses are the voltages at which they were obtained. [d] CIE coordinates [x, y] in parentheses.
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current efficiency (1) of 1.59 cd A™! at 8.6 V, external quan-
tum efficiency (7.) of 0.50% at 8.8V, and power efficiency
(Mp) of 0.60 LmW™" at 7.8 V. The best efficiencies for device
B2 are defined by n;=1.55cd A" at 9.4V, 5.,=0.67% at
9.4V, and 1,=0.55 Lm W' at 8.2 V. These results are some-
what unexpected because binding of the iridium-emitting
centers with trans-Pt(PBu;), moieties should inevitably push
the phosphorescent Ir(C~N),(acac) sites much closer as
compared with the traditional phosphorescent Ir copoly-
mers, in which the phosphorescent cores are more scattered
along the polymer backbone in the presence of a higher
fraction of the organic components that can avoid the
quenching effect among the emitting sites. Instead, the phos-
phorescent Ir centers tend to get closer to each other in P1
and P2 while the performance data of PHOLEDs prepared
with P1 and P2 are still comparable to or even better than
some reported data from the devices with traditional phos-
phorescent copolymers consisting of Ir in the main chain."
In the previous section, the TD-DFT results show that the
d, orbitals of Pt have a notable contribution to the HOMO
of the oligometallaynes (Table 2). So, the Pt" centers would
strengthen the spin-orbit coupling effect to induce their own
organic triplet emission, apart from the original phosphores-
cence arising from the Ir(C”*N),(acac) chromophores. Also,
the energy of the triplet state induced by the Pt" center is
higher than that of the Ir™ center on the basis of the photo-
physical data for the reported Pt"-bis(aryleneethyny-
lene)s.!””! Thus, there should be an efficient energy transfer
from the high-energy triplets induced by the Pt" centers to
the low-energy ones by Ir' centers, and hence, only peaks
resembling the line shape of the emission of the Ir™ phos-
phorescent centers can be observed in both the PL and EL
spectra (Figures 1b and 4 and Figure S2 in the Supporting
Information). Such energy transfer process would not only
maintain good color purity of the emission but also enhance
the phosphorescence intensity of the Ir™ center. In other
words, there is a synergistic effect between the two different
metal centers which can offer better phosphorescence prop-
erties. As a result, the performance of PHOLEDs made
from the dual metal-centered oligometallaynes is still satis-
factory. The present work provides a new platform for de-
signing and synthesizing these organometallic compounds
with bimetallic skeletons.

Conclusions

A prominent class of phosphorescent oligometallaynes of
dual metal centers (I and Pt") were designed and synthe-
sized for the first time. Their thermal and photophysical
properties were also presented. Theoretical TD-DFT investi-
gation together with their detailed photophysics showed that
the emissive species involved in these oligometallaynes
mainly arise from the Ir"™-centered building block with
added benefits endowed by the Pt" component. Experimen-
tal results indicated that there is a synergistic effect between
the two kinds of metal centers which can improve the phos-
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phorescent characteristics of the bimetallic metallaynes. By
virtue of such advantageous synergistic bimetallic effect,
these new oligometallaynes possess great potential for
simple solution-processed PHOLEDs. These triplet emitters
can be further optimized by structural modifications of the
C”N ligand groups on Ir(C”N),(acac) unit to fine-tune both
the device color and efficiency. We believe that the advan-
tages of electrophosphorescence and solution processing
that our phosphors offer can be seen as a big step forward
in the advance of high-performance solution-processed
PHOLED:s.

Experimental Section

General Information

All reactions were performed under a nitrogen atmosphere but no special
precautions were required during work-up. Solvents were carefully dried
and distilled from appropriate drying agents prior to use. Commercially
available reagents were used without further purification unless other-
wise stated. All reactions were monitored by thin-layer chromatography
(TLC) with Merck pre-coated aluminum plates. Flash column chromatog-
raphy was carried out using silica gel (200-300 mesh). Fast atom bom-
bardment (FAB) mass spectra were recorded on a Finnigan MAT
SSQ710 system. The NMR spectra were measured in CDCl; on a Bruker
AXS 300 or 400 MHz spectrometer with the 'H and "*C chemical shifts
quoted relative to tetramethylsilane and *'P chemical shifts relative to
the 85% H;PO, external standard.

Physical Measurements

FT-IR spectra for the sample in KBr pellet were recorded on Nicolet
Magna-IR 550 Series II spectrometer. UV/Vis spectra were obtained on
a Shimadzu UV-2250 spectrophotometer. The photoluminescent proper-
ties of the compounds were examined using a Hitachi F-4500 fluores-
cence spectrophotometer. The phosphorescence quantum yields were de-
termined in degassed CH,Cl, solutions at 293 K against fac-[Ir(ppy);]
standard (@p=0.40)."") The lifetimes were measured by a single photon
counting spectrometer from Edinburgh Instruments (FLS920) with a hy-
drogen-filled pulse lamp as the excitation source. The data analysis was
conducted by iterative convolution of the luminescence decay profile
with the instrument response function using the software package provid-
ed by Edinburgh Instruments. Differential scanning calorimetry (DSC)
was performed on a NETZSCH DSC 200 PC unit under a nitrogen flow
at a heating rate of 10°C min~'. The thermal gravimetric analysis (TGA)
was conducted on a NETZSCH STA 409C instrument under nitrogen
with the heating rate of 20°C min~'. Gel permeation chromatography
(GPC) measurements were carried out on a Waters Breeze system
equipped with a Waters 2487 UV/Vis detector and a set of 3 columns
(Styragel HR3, HR4E, and HR4) at 30°C. CHCl; was used as the mobile
phase with a flow rate of 1 mLmin'. Calibration was performed by using
a set of polystyrene standards. Electrochemical measurements were made
using a Princeton Applied Research model 273 A potentiostat. The cyclic
voltammetry experiment of the sample film was performed at a scan rate
of 100mVs™! using a eDAQ EA161 potentiostat electrochemical inter-
face equipped with a thin film coated ITO covered glass working elec-
trode, a platinum counter electrode and a Ag/AgCl (in 3m KCl) refer-
ence electrode. The solvent in all measurements was deoxygenated
MeCN, and the supporting electrolyte was 0.1m [nBu,N][PF¢]. Thin
sample films were deposited on the working electrode by dip-coating in
chlorobenzene solution (6 mgmL~'). The onset oxidation potential
(Eonserox) and optical bandgap (E,) were used to determine the HOMO
and LUMO energy levels using the equations Eyonmo = [—(Eonsetox (vs Agag-
ey~ Eonset VHE. vs Agagen] =450 €V and Eyyyo = (Enomot+E,) €V, where the
potentials for N.-H.E. versus vacuum and N.H.E. versus Ag/AgCl are 4.50
and —0.22 V, respectively.!!
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General Procedure for the Synthesis of P1 and P2

Under an inert N, atmosphere, equimolar amounts of each corresponding
metalloligand and frans-[Pt(PBu;),Cl,] were added to a mixture of Et;N
and CH,Cl, (1:1 v/v) with a catalytic amount of Cul. The reaction mix-
ture was stirred at room temperature overnight. Then the reaction mix-
ture was passed through a short silica pad using CH,Cl, as eluent and the
volatile components were removed under reduced pressure to get a
crude product. A small amount of CH,Cl, was added to dissolve the
crude polymetallayne. The solution was then poured into methanol. The
orange precipitate formed was collected and dried to get the title oligo-
metallaynes in ~87 % yield.

P1: (Yield: 87%). '"H NMR (400 MHz, CDCl;): =8.40 (d, br, 2H, Ar),
7.68 (d, br, 2H, Ar), 7.60 (t, br, 2H, Ar), 7.31 (d, br, 2H, Ar), 6.97 (t, br,
2H, Ar), 6.70 (d, br, 2H, Ar), 6.15 (s, br, 2H, Ar), 5.16 (s, br, 1 H, acac),
1.88 (br, 12H, PBu;), 1.76 (s, br, 6H, acac), 1.40 (br, 12H, PBus), 1.28
(m, br, 12H, PBu;), 0.81 ppm (t, br, 18H, PBu;); *'P NMR (161.9 MHz,
CDCl;): 0=4.15 ppm ('Jp_p,=2375 Hz); Gel permeation chromatography
(GPC): number-average molecular weight (M,)=1.3x10*gmol™', poly-
dispersity index (PDI)=1.18 (against polystyrene standards).

P2: (Yield: 87%). '"H NMR (270 MHz, CDCly): 6=38.60 (d, br, 2H, Ar),
7.93 (d, br, 2H, Ar), 7.78-7.75 (m, br, 2H, Ar), 7.45 (s, br, 2H, Ar), 7.15—
7.04 (m, 8H, Ar), 6.51 (s, br, 2H, Ar), 5.23 (s, br, 1H, acac), 2.13 (br,
12H, PBu;), 1.90-1.70 (m, 14H, acac and Bu), 1.59 (br, 12H, PBu;), 1.41
(m, br, 12H, PBuj;), 1.06 (br, 4H, Bu), 0.88 (m, br, 22H, PBu; and Bu),
0.69-0.42 ppm (m, 20H, Bu); PNMR (161.9 MHz, CDClL): 6=
3.75ppm  (YJp_p=2355Hz); GPC: M,=1.1x10*gmol"!, PDI=1.56
(against polystyrene standards).

OLED Fabrication and Measurements

The pre-cleaned ITO glass substrates were treated with ozone for 20 min.
Then, the PEDOT:PSS was deposited on the surface of ITO glass by
spin-coating method to form a 40 nm-thick hole-injection layer after
being cured at 120°C for 30 min in air. The emitting layer (50 nm) was
obtained by spin-coating a chloroform solution of each phosphorescent
dopant (x wt%) in CBP at various concentrations. The sample was dried
in a vacuum oven at 50°C for 15 min and it was transferred to the deposi-
tion system for organic and metal deposition. BCP (15nm), Algs
(40 nm), LiF (1 nm) and Al cathode (100 nm) were successively evapo-
rated at a base pressure less than 107° Torr. The EL spectra and CIE co-
ordinates were measured with a PR650 spectra colorimeter. The L-V-J
curves of the devices were recorded by a Keithley 2400/2000 source
meter and the luminance was measured using a PR650 SpectraScan spec-
trometer. All the experiments and measurements were carried out under
ambient conditions.

Computational Details

Density functional theory (DFT) calculations using the B3LYP functional
were performed. The basis set used for C, H, N, and O atoms was 6-31G
while effective core potentials with a LanL.2DZ basis set were employed
for P, Pt, and Ir atoms.”” Polarization functions were added for P
(C4(P)=0.340). All calculations were carried out using the Gaussian 03
program.”®! Mulliken population analyses were performed using Mull-
Pop.? Frontier molecular orbitals obtained from the DFT calculations
were plotted using the Molden 3.7 program written by Schaftenaar.!
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