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Abstract: The nature of Dexter triplet energy transfer between bonded systems of a red phosphorescent
iridium complex 13 and a conjugated polymer, polyfluorene, has been investigated in electrophosphorescent
organic light-emitting diodes. Red-emitting phosphorescent iridium complexes based on the [Ir(btp).(acac)]
fragment (where btp is 2-(2'-benzo[b]thienyl)pyridinato and acac is acetylacetonate) have been attached
either directly (spacerless) or through a —(CHz)s— chain (octamethylene-tethered) at the 9-position of a
9-octylfluorene host. The resulting dibromo-functionalized spacerless (8) or octamethylene-tethered (12)
fluorene monomers were chain extended by Suzuki polycondensations using the bis(boronate)-terminated
fluorene macromonomers 16 in the presence of end-capping chlorobenzene solvent to produce the statistical
spacerless (17) and octamethylene-tethered (18) copolymers containing an even dispersion of the pendant
phosphorescent fragments. The spacerless monomer 12 adopts a face-to-face conformation with a
separation of only 3.6 A between the iridium complex and fluorenyl group, as shown by X-ray analysis of
a single crystal, and this facilitates intramolecular triplet energy transfer in the spacerless copolymers 17.
The photo- and electroluminescence efficiencies of the octamethylene-tethered copolymers 18 are double
those of the spacerless copolymers 17, and this is consistent with suppression of the back transfer of
triplets from the red phosphorescent iridium complex to the polyfluorene backbone in 18. The incorporation
of a —(CH,)s— chain between the polymer host and phosphorescent guest is thus an important design
principle for achieving higher efficiencies in those electrophosphorescent organic light-emitting diodes for
which the triplet energy levels of the host and guest are similar.

Introduction times as many triplets as singlétand this has been confirmed
experimentally for electroluminescent devices fabricated from
small molecule$.For polymers, there are reports of the singlet-
to-triplet ratio ranging from 18.to 1:378 The singlet-triplet
ratio is of interest because the radiative decay of triplet excitons
to the singlet ground state is formally forbidden by a requirement

The discovery of electroluminescence from small moledules
and conjugated polymeérhas stimulated intense interest in the
field of organic light-emitting diodes (OLEDSs). In an OLED,
visible light is generated through the radiative decay of excitons

excited states}2 Excitons having either a singlet or triplet spin ) . L .
( ) g g pe Sp for spin conservatiof. The emissive layers of the earliest

state arise from the recombination of charges within thin organic OLED doffl t polvmend/ I
layers sandwiched between opposing electrodes under the S Were composed ot fluorescent polymeend/or Sma

application of bias voltagé Models of spin statistics predict molecules, in which only the singlet excitons could decay

that the electrorthole recombination event should produce three  (4) For reviews, see: (a)Hder, A.; Wilson, J. S.; Friend, R. Hidv. Mater.
2002 14, 701-707. (b) Wohlgenannt, M.; Vardeny, Z. \d. Phys.:
Condens. Matte2003 15, R83—-R107. (c) Kdnler, A.; Wilson, J.Org.
Electron.2003 4, 179-189.
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radiativelyl2 A significant step in the development of highly  or by incorporation into dendro#&2°Other solution processible
efficient OLEDs was the addition of phosphorescent dopants conjugated electrophosphorescent iridium complexes have been
to these layers in order to harvest both the singlet and triplet reported®®3*We have recently reported green- and red-emitting
excitons as light!~14 This innovation has led to near quantitative  solution processible electrophosphorescent polymers in which
internal efficiencies in OLEDs that are based on organic small the iridium complex is conjugatively linked to a polyfluorene
moleculess®> Although the emissive layer of a conjugated- host and have shown that devices made using the covalently
polymer OLED can also be doped with phosphorescent guestlinked polymer outperform those made with a blend of the
molecules®17 issues such as triplet energy confinement and corresponding iridium complex in a polyfluorene h&s¥ang
phase separation must be addressed as is described below. and Cao have described an efficient variant using an alternating

The electronic energy levels of conjugated polymers are fluorene-carbazole copolymer ho3tand Ma and colleagues
stabilized by ther-bonding delocalized along the chafrHence have prepared a long wavelength emitting electrophosphorescent
conjugated polymers often exhibit relatively low triplet energy polymer by complexing a bipyridyl fluorene copolymer with
levels, unless the extent of conjugation has been limited by rhenium3*
designt®20 For efficient electrophosphorescence to occur in a  An alternative strategy for preventing phase separation is to
doped OLED, the triplet energy level of the phosphorescent employ a nonconjugated covalent linkage between the phos-
guest should be below that of the conjugated polymer ¥&at. phorescent dopant and the polymer host. Copolymeric polysty-
This is in order to inhibit migration of excitons from the guest rene hosts with tunable charge transporting side chains can be
to the nonphosphorescent host by Dexter triplet energy transfer.prepared by copolymerization with various vinyl monomers.
The triplet energy level in members of the blue fluorescent Post polymerization modification with platinum complexes
polyfluorene family of conjugated polymers is found at ca. 2.1 produced efficient white electrophosphorescettérclusion of
eV,22which limits the use of polyfluorenes in electrophospho- an iridium complex tethered to a vinyl monomer afforded green
rescent OLEDs to that of host for red phosphorescent guestsemissive material® If the polymer host is itself conjugated,
(triplet energy level of below 2.1 eV}$,2324the subject matter  the emissive complex can be nonconjugatively linked by a tether.
of the present study. Examples included tethered ruthenidifreuropiums® and iri-

The emissive layers in electrophosphorescent small-moleculediun®®4° complexes with impressive device efficiencies.
OLEDs are prepared by simultaneous vacuum deposition of both  The promising results described above with covalently linked
phosphorescent guest and fluorescent host molecules, and phagdlectrophosphorescent complexes in polymer hosts raises the
separation is not an iss&&2%In contrast, a blend of polymer ~ question of the importance of spatial confinement, phase
and phosphorescent guest is typically deposited from solution Separation, relative content of the phosphorescent guest, and
by spin-coating or ink-jet printing The doped thin films  aggregation phenomena in designing efficient next generation
prepared by these techniques are often subject to phasenaterials for solid-state electroluminescence. In this paper, we
separation, that is, aggregation of the dopants within the thin describe a systematic study of the dependence of device
films. The aggregation of phosphorescent iridium complexes €fficiency on tether length in solution processible conjugated
doped in conjugated-polymer thin films has been observed by host fluorene copolymers carrying a pendant [Ir(kjac)]
optical and atomic force microscop?®&*26and can be expected ~ fragment (Figure 1). The efficient syntheses of fluorene
to reduce the emission efficiency of the dopants through Mmonomers with spacerless or octamethylene-tethered iridium

concentration quenchirfg.To counteract this phenomenon,

complexes attached at the 9-position are described. Chain

solution processible electrophosphorescent iridium complexes€Xxtension of these monomers by a Suzuki polycondensation with

have been prepared by attaching solubilizing alkyl cHéitfs

(10) Kraft, A.; Grimsdale, A. C.; Holmes, A. BAngew. Chem., Int. EA.998
37, 402-428.

(11) Kido, J.; Nagai, K.; Ohashi, YChem. Lett1990 657—660.
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D. G.; Campbell, A. J.; Blau, W.; Bradley, D. D. ®hys. Re. B 2001,
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a fluorene macromonomer afforded the required materials for
study. A comparison of the photo- and electroluminescence
efficiencies demonstrates the advantages of controlling the triplet
energy back transfer in these materials through the inclusion of
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Figure 1. The key structural motifs of the copolymers with and without alkyl spacers (tethers) between the polyfluorene chains and pendant red phosphorescent

iridium complexes.

Scheme 1.
Ligand 62

Synthetic Route to the Octamethylene-Tethered

a0 . OO

1 H17Cg 2

BrBr i BrBr
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Hi7C¢ 4 (CH2)gBr 3

BrBr
H17Cs (CHy)g
6

o O

iv, v, vi
—_—
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aReagents and conditions: (i) octan-1-ol, KOH, air, 2a) 96%,; (ii)
Bry, I, DCM, dark, 0°C — room temperature, 90%; (iii) Br(ChBr, aq.
NaOH, Aliquat 336, 8C°C, 71%; (iv) NaH, THF, 0°C; (v) BuLi, 0 °C;
(vi) 4, 0 °C — room temperature, 58%.

an octamethylene linking group. Together with recent studies
of the relative efficiencies of blends and the above-mentioned
copolymer systems, this work provides further insight into the

1,8-dibromooctane under alkaline phase-transfer conditions
afforded the 8bromooctyl derivativel in 71% yield. Treatment

of the bisenolate of pentane-2,4-dios with 4 provided the
octamethylene-tethered ligaidin 58% vyield.

Formation of the iridium complex8 by reaction of the
diketone6 with the crude chloro-bridged iridium dim&#® and
sodium carbonate in 2-ethoxyethanol under reflux overfight
or at a lower temperature of 80C was accompanied by
hydrodebrominated derivatives, as evidenced by a signal at
7.30-7.35 in theM NMR spectrum of the product im-
chloroform and a discordant elemental analysis (see Figure S1
and the Supporting Information). These could be formed by a
radical-chain, electron-transfer mechanism that accounts for
alkoxide-mediated hydrodebrominatitfir’ A possible source
of radical initiation under these conditions is unclear, although
cyclometalated iridium complexes are known to be powerful
single-electron donor¥. This side reaction was overcome by
carrying out the complexation reaction in a nonalcoholic solvent.
Reaction of the octamethylene-tethered ligénwdith the crude
dimer7 and sodium carbonate in acetonitrile at®provided
the octamethylene-tethered monondein ca. 74% yield after
purification by chromatography, as shown in Scheme 2. The
IH NMR spectrum of the octamethylene-tethered monogner

design criteria for materials in electrophosphorescent conjugated-Prepared under these conditions exhibits only a trace of

polymer OLEDs.
Results and Discussion

Synthesis and Characterization.Syntheses of the octa-
methylene-tethered monontrthe spacerless monomk2, and
the corresponding phosphorescent copolynigtraind 18 are
reported. X-ray crystal structures of the iridium complet@s
and 13 provide useful information about spatial arrangements
in the crystals.

The Octamethylene-Tethered Monomer 8The synthesis
of the functionalized fluorené carrying the octamethylene-
tethered pentanedione unit is shown in Scheme 1. 9-Octylfluo-
rene 2 was prepared in 96% vyield by the base-mediated
alkylatiorf142 of 9H-fluorene with octanol. Bromination of
9-octyl-H-fluorene2 gave 2,7-dibromo-9-octylt9-fluorene3*
in 90% yield. Alkylation of the dibromid& with 10 equiv of

(41) Schoen, K. L.; Becker, E. 1. Am. Chem. Sod.955 77, 6030-6031.
(42) Fritz, H. E.; Peck, D. W.; Eccles, M. A.; Atkins, K. B. Org. Chem
1965 30, 2540-2542.

hydrodebrominated impurities, and the elemental analysis of the
product is consistent with that expected for the octamethylene-
tethered monomer8 (see Figure S2 and the Supporting
Information). We have found that acetonitrile as the reaction
solvent also affords a cleaner complexation of the chloro-bridged
iridium dimer 7 with sodium carbonate and othgrdiketones
in general, greatly simplifying isolation of the desired phos-
phorescent complexes.

The Spacerless Monomer 12The synthesis of the spacerless
monomerl2 using 6-bromomethyl-4-methoxy-2pyran-2-one
99 as a latent 1-bromopentane-2,4-dione electrophile is il-

(43) Ego, C.; Marsitzky, D.; Becker, S.; Zhang, J.; Grimsdale, A. C|léfy
K.; MacKenzie, J. D.; Silva, C.; Friend, R. H. Am. Chem. So2003
125, 437-443.

(44) Hauser, C. R.; Harris, T. Ml. Am. Chem. S0d.958 80, 6360-6363.

(45) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzagq, F.; Lee, H.-E;
Adachi, C.; Burrows, P. E.; Forrest, S. R.; Thompson, MJEAm. Chem.
Soc.2001, 123 4304-4312.

(46) Bunnett, J. F.; Wamser, C. @. Am. Chem. Sod.967, 89, 6712-6718.

(47) Bunnett, J. FAcc. Chem. Red992 25, 2—9.

(48) Yuasa, J.; Suenobu, T.; FukuzumiJSAm. Chem. So2003 125 120906~
12091.

J. AM. CHEM. SOC. = VOL. 128, NO. 20, 2006 6649



ARTICLES

Evans et al.

Scheme 2. Synthesis of the Octamethylene-Tethered Monomer 82

Br O O Br | SN \ N
L i)
HirCs (cHs | § Y ¢ [0S
0 O ) )
6 7

aReagents and conditions: (i) M2Os, acetonitrile, 80°C, 48 h, ca.
74%.

lustrated in Scheme 3. 2,7-Dibromo-9-octH-8luorene3 was
deprotonated with LDA and treated with the crude bromopyrone
9 to provide the pyrond0 in ca. 87% yield. Hydrolysis and
decarboxylation of the pyrond0O afforded the dionell
Unfortunately, the diond. 1 could not be separated from an
unidentified byproduct by chromatography or distillation. The
conversion of the pyrong0into the dionell was estimated to

be ca. 69% fromH NMR data. Fortunately, the byproduct was
itself not a dione and thus did not interfere in the subsequent
complexation of the diond1 with the crude chloro-bridged
iridium dimer 7 and sodium carbonate in acetonitrile at 8D

to yield the spacerless monom&® in ca. 81% yield after
chromatographic purification.

Van Dijken et al. have shown that phosphorescent iridium
complexes with dionate ligands decompose upon contac
with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), in both solid and soluti#hTreatment of a
solution of the spacerless mononik2 in dichloromethane
acetonitrile in the presence pftoluenesulfonic acid monohy-
drate, chosen to mimic the acidic action of PEDOT:PSS,
regenerated the diorfel in quantitative yield. This decomposi-
tion gave purell which enabled its full characterization (see
the Supporting Information). This transformation supports the
notion that a PEDOT:PSS layer could be detrimental in de-
vices of phosphorescent iridium complexes with diketonate
ligands®® An improvement in the efficiency of red phospho-

rescent polyfluorene OLEDs has been demonstrated recently

These angles, and the corresponding coordination bond lengths,
are within the same range as those found in the ori¢fimatl
phosphorescent iridium compledB (see Chart 1), as well as
other related iridium complexes(see the Supporting Informa-
tion). The spacerless monom&2 adopts a face-to-face con-
formation of the iridium complex and fluorenyl group in the
crystalline state. This conformation, with a separation of only
3.6 A between cyclometalating ligand and fluorenyl group at
the closest point, is expected to facilitate-zr interactions
between these parts of the spacerless mona@erSuch orbital
interactions are known to be the key requirement for Dexter
triplet energy transfert

A 'H—1H COSY NMR spectrum enables the near-complete
assignment of all the aromatic protons for the spacerless
monomerl2in d-chloroform (with only the sense of the benzo-
[b]thienyl protons and the pairings of pyridyl and berge[
thienyl ring systems undetermined with this technique; see
Figure S3). The pyridybi-protons of the spacerless monomer
12 are observed as doublets®a?.20 J = 5.4 Hz) andd 8.13
(J = 5.6 Hz), which are consistent with the spacerless monomer
12 also adopting a face-to-face conformation of the iridium
complex and fluorenyl group (for at least part of the time) in
solution. The pyridyla-proton directed toward the face of the
fluorenyl group § 7.20) is shielded by the ring-current effect
of the fluorenyl group. Thus, our design for the spacerless
monomer12 is expected to facilitate Dexter triplet energy
transfer between the polyfluorene chain and the adjoining red
phosphorescent iridium complex in our spacerless conjugated
copolymer systems.

Phosphorescent Copolymers.The aim of attaching a
phosphorescent dopant to a host polymer is to inhibit phase
separation within the system because aggregation of the dopant
is expected to reduce the phosphorescence efficiency through
concentration quenching. Covalent attachment also provides
solution processible polymeric iridium complexes and spatial

tcontrol of the orientation of the metal complex with respect to

the host polymer. Although a chance (or otherwise) meeting
between dopants attached to separate copolymer chains cannot
be avoided in a solid thin film, contact between dopants attached
to the same copolymer chain can at least be minimized. The
distribution of the phosphorescent monomer within the copoly-
mer chain is determined in part by the relative incorporation
rates of the phosphorescent and conventional monomers, giving
rise to composition drifé® If the incorporation rate is faster for
the phosphorescent monomer than for the conventional mono-
mers, then a higher frequency of dopants can be expected in
those chains generated earlier in the copolymerization, providing
undesirably close contact between some dopants. Alternatively,

with the use of an alternative hole-injection layer to that of if the reactivity of the phosphorescent monomers is lower than

PEDOT:PSS, and an additional hole-blocking la3fer.

The X-ray crystal structure of the spacerless monofir
is represented in Figure 2. The—@—N bite angles are
80.74(16) and 79.99(17jor the cyclometalating ligands closest
and furthest from the fluorenyl group, respectively, and
89.79(12j for the dionate ligand, with a 178.81¢%)ond angle
between the coordinating nitrogen atoms, N{Itj1)—N(2).

(49) Bloomer, J. L.; Zaidi, S. M. H.; Strupczewski, J. T.; Brosz, C. S.; Gudzyk,
L. A. J. Org. Chem1974 39, 3615-3616.

(50) Van Dijken, A.; Perro, A.; Meulenkamp, E. A.; Brunner, ®tg. Electron.
2003 4, 131-141.

(51) Niu, Y.-H.; et al.Appl. Phys. Lett2004 85, 1619-1621.
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that of the conventional monomers, then incorporation of the
dopants may be incomplete, as the concentration of reactive
end groups decreases toward the termination of the copolym-
erization. To achieve an even distribution of phosphorescent
monomers within a copolymer, the approach was to conduct a

(52) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzagq, F.; Kwong, R.;
Tsyba, I.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. org. Chem.
2001, 40, 1704-1711.

(53) Hunter, C. A,; Sanders, J. K. M. Am. Chem. Sod99Q 112 5525-
5534.

(54) Klessinger, M.; Michl, JExcited States and Photochemistry of Organic
Molecules VCH Publishers: New York, 1995.

(55) Cowie, J. M. GPolymers: Chemistry and Physics of Modern Materials
2nd ed.; Stanley Thornes: Cheltenham, UK, 1998.
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Scheme 3. Synthesis of the Spacerless Monomer 122

iii Br

aReagents and conditions: (i) LDA, THF78°C; (ii) crude9, —78 °C — room temperature, ca. 87%; (iii) aq. HCI, acetic acid, 130ca. 69% crude;

(iv) NaxCO;s, acetonitrile, 8C°C, 48 h, ca. 81%.

(b)

Figure 2. (a) X-ray crystal structure of the spacerless monah2eshowing
the pertinent atom labels. (b) Alternative view showing the octahedral

Scheme 4. Synthesis of the Macromonomers 16a and 16b?

H17Cg 1 CgHi7

0.0

H17C8 CBH17

peaSele
£

16a (14:15=1.11:1.00, p = 16)
16b (14:15 = 1.14:1.00, p = 15)
aReagents and conditions: (i) Pd(OACPCys, toluene, aq. BNOH,
90°C, 2 h,16aca. 98%,16b ca. 95%. Values for the structural variatpe
are estimates frontH NMR data (see Table 1 and the Supporting
Information).

s

excess of reactive boronic ester end groups (Scheme 4). In the
second stage, the spacerless mond2anr the octamethylene-
tethered monome8 was chain extended by copolymerization
with the macromonomet6 and end-capped by the solvent,
chlorobenzene, to give the phosphorescent copolydizesd

coordination environment at the metal center. Displacement ellipsoids are 18, respectively (Scheme 5).

drawn at the 40% probability level. Hydrogen atoms and solvent have been

omitted for clarity.

Chart 1. The Red Phosphorescent Iridium Complex 13

13

step-growth copolymerization in stages. Here, in the first stage,

the conventional fluorene monomelré and15 were combined
in a ratio so as to generate a macromonofrthat retains an

The iridium complex loadings and molecular weights of the
phosphorescent copolymetg and18 were controlled through
the average chain length of the macromononiér The
macromonomerd.6a and 16b were prepared by the Suzuki
polycondensatictt of the bis(boronic esterd4 and the dibro-
mide 15, as shown in Scheme 4. The bis(boronic estdrand
the dibromidel5 were combined in a molar ratio of 1.11:1.00
(for an expected average degree of polymerizatignof 19;
see the Supporting Information) to give the longer macromono-
mer 16a and 1.14:1.00 (expected of 15) to give the shorter
macromonomef6b. The proportion of catalyst, palladium(ll)
acetate, and tricyclohexylphosphine (1:5 molar ratio) was 1 mol

(56) Schlder, A. D. J. Polym. Sci.,
1556.

Part A: Polym. Cher001, 39, 1533~
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f%’emedih SéﬂtheSiShofl the ?picerltész Corl)olymersi,817a %ng% copolymersl8aand 18b were obtained as yellow and orange

, and the Octamethylene-Tethere opolymers, a an s . . . . ]

by Chain Extension of the Monomers 12 and 8, Respectively, with fibers, respectively, in good yields. (The octamethylene-tethered
the Macromonomer 162 monomerB dissolves readily in tolueresolubility greater than

100 mg cn12 at room temperature. A toluene solution of the
octamethylene-tethered monon&san be added directly to the
polycondensation reaction, without isolation of the macromono-
mer 16, as the second stage in an alternative, one-pot copo-
lymerization. The iridium complex loadings of the octamethylene-
tethered copolymers8aand18b synthesized in chlorobenzene
are comparable to those of the analogous copolymers synthe-
sized in toluene.)

Characterization of the Iridium-Tethered Copolymers.
The loadings of iridium complex in the phosphorescent copoly-
mers17 and 18 were investigated through elemental aliti
NMR analyses, and the results are summarized in Table 1.
Carbon, hydrogen, and nitrogen elemental analyses of the
products are consistent with those expected for the copolymers,
given the accustomed margin of accuragy(3% points). The
idealized representations of the copolymers in Scheme 5 are
characterized by the structural variabl@sandn, and values
for these variables have been estimated ftbBhiNMR data (see
the Supporting Information). The iridium complex loading of
each copolymer can be more conveniently expressed as the
weight-percentage of the red phosphorescent iridium complex
13 calculated from the mole fraction of the attached iridium

16ap=16
16b 5 = 15

ieag=8m=o0m-008 complex of the copolymer. The iridium complex loadings
q=8m=9.37=030 .

aReagents and conditions: (i) Pd(OAcPCys, chlorobenzene, aq estimated for the spacerless copolymdiza and 17b are
ELNOH, 90°C, 2 h, 17aca. 77%.17b ca. 86%.18a ca. 76%,18b ca.  hoticeably less than those estimated for the corresponding
78%. Values for the structural variablgs n, andp are estimates frorfH octamethylene-tethered copolymé&aand18b (see Table 1).
NMR data (see Table 1 and the Supporting Information). This may only be a result of inaccuracies in the integration

) . ] S processes (a broadening of the iridium complex dionate methine

% with respect to the bis(boronic est@d.>" This polyconden-  sjgnal into the spectral noise almost certainly contributes to an
sation stage was conducted in a b|pha5|c_m|xtur°e of toluene ynderestimation of the iridium complex loadings in the spac-
and aqueous tetraethyEI;ammonlum hydroxide at°@0with erless copolymers7aand17b by this method; cf. Figures S4
vigorous stirring for 2 1 before the crude macromononis and S5), but it may also reflect a true difference in the iridium
was isolated in high yield as green fibers by preupltanon from complex loadings of the copolymers. This could result from a
methanol. The values fo, that have been estimated frod slower reactivity of the spacerless monomérin the Suzuki
NMR data, ca. 16 and 15 for the macromononigaand16b, polycondensation reaction compared with the octamethylene-
respectively, are similar to the expected values (see theicthered monomes.
Supporting Information). The molecular weights of the phosphorescent copolyrhers

Unfortunately, toluene is a poor solvent for the second stage and18 were investigated througiti NMR and gel-permeation
of the Suzuki polycondensation reaction; the solubility of the chromatography (GPC), and the results are summarized in Table
spacerless monoméeis only 0.6 mg cm?in toluene atroom 1. values forx, of 17—19 were estimated frofH NMR data
temperature. A more useful solvent for the spacerless monomer(see the Supporting Information), which are lower than the value
12is chlorobenzene (the solubility a2 is 2 mg cnt? at room of 21 intended for these copolymers. GPC analyses were
temperature). The second stage of synthesizing the spacerlesgerformed in THF at 30C against a calibration with polystyrene
copolymers17a and 17b is illustrated in Scheme 5. The standards. The observed values g are about twice those
spacerless monomé2was chain extended by copolymerization  expected, which is consistent with previous reports of a
with 10 molar equiv of the macromonom#6a, or 3.9 molar  polystyrene calibration providing an overestimate of the mo-
equiv of the macromonomes6b, under conditions identical to  |ecular weight for poly(9,9-dioctyHa-fluorene-2, 7-diyl) (PFOY?
those of the first stage, except the reaction solvent was Thermal analysis of the phosphorescent copolym@rand
chlorobenzene rather than toluene. Chlorobenzene is bothigwas performed with differential scanning calorimetry (DSC)
solvent and end-capping reagent. The spacerless copol{iifers  and thermogravimetric analysis (TGA), and the results are
and 17b were isolated by precipitation from methanol and symmarized in Table 1. Glass, melting, and crystallization
purified by filtration through silica followed by precipitation  transitions have been observed at comparable temperatures in
from methanol to afford good yields of the copolymers as yellow pFQ®0|R and!3C NMR spectra and MALDI mass spectrometry
and orange fibers, respectively. The octamethylene-tetheredgata were measured. The MALDI analyses revealed that the

(57) Holmes, A. B.; Martin, R. E.; Ma, Y.; Rees, |. D.; Cacialli, F.; Fischmeister, (59) Grell, M.; Bradley, D. D. C.; Long, X.; Chamberlain, T.; Inbasekaran, M.;

C. WO 26 856/2002Ghem. Abstr2002 136, 295241). Woo, E. P.; Soliman, MActa Polym 1998 49, 439-444.
(58) Towns, C. R.; O'Dell, R. WO 53 656/200Clem. Abstr200Q 133 (60) Grell, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, E.ARlv. Mater.
238529). 1997 9, 798-802.
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Table 1. Characterization of the Spacerless Copolymers 17a and 17b and the Octamethylene-Tethered Copolymers 18a and 18b

copolymer 17a 17b 18a 18b
approximate yield (%) 77 86 76 78
elemental analysis (%) C 89.3(89.3) 88.6 (88.6) 89.4 (89.3) 88.8 (88.6)
H 10.2 (10.2) 10.2 (10.1) 10.2 (10.2) 10.2 (10.1)
N 0.09 (0.04) 0.26 (0.12) 0.11 (0.04) 0.25(0.12)
expected from Xn 21 21 21 21
stoichiometry
m 10 10 10 10
n 0.12 0.36 0.12 0.36
wt % 13 1.0 3.0 1.0 3.0
calcd from'H NMR %n 19 17 19 19
integral®
m 9.6 8.5 9.6 9.3
n 0.06 0.18 0.08 0.30
wt % 13 0.6 1.8 0.7 2.8
GPC Mn 17000 20000 16000 18000
Mp 46000 48000 38000 48000
Mw 43000 50000 42000 48000
PDI 2.6 2.6 2.6 2.6
DSC ¢C) Ty 60—68 65-74 64-73 65-74
Te 106 115 104 109
T 129, 145 136 128, 145 131, 142
TGA (°C)® Ty 309 349 335 325

aValues calculated for the copolymer structures expected from the reaction stoichiometries are given in pareithesesiablesn andn are the
structural variables in Scheme %;is the number-average degree of polymerization. The iridium complex loading is expressed as the weight-percentage of
the equivalent red phosphorescent compl&xcalculated from the mole fraction of the iridium complex attached to the copolyn@®l-permeation
chromatographyM,, M,, andM,, are the number-average, peak and weight-average molecular weights, respectively, referenced against a calibration with
polystyrene standards. PDI is the polydispersity indeRifferential scanning calorimetryTy is the glass transition temperature rangeand Tr, are the
peak maximum crystallization and melting temperatures, respecti®/€hyermogravimetric analysidy is the trigger-point decomposition temperature for
0.5% mass loss.

copolymers consisted predominantly of chains with odd numbers [T
~17a

of fluorenyl units (because an excess of the monotdenver
the monomerl5 was used in preparing the macromonomers
16), and a fraction (typically #16% for the odd-numbered
series) of hydrogen, rather than phenyl, end gréidens
consistent with chains bonded with iridium complexes were
observed for the copolymers with higher iridium complex
loadings (7b and18b). The MALDI analyses provide under-
estimates for the molecular weight distributions of the copoly-
mers M, 2800-3200, M,, 3400-4100, PDI 1.2-1.3; see the
Supporting Information) because of a bias toward lower
molecular weight fractions in polydisperse samgfes. -
Optlcgl Spectroscopy..Ab.sorptlon SpectraThe normalized 0p 2'5 S 0 55 40 45 50 55
absorption spectra of thin films of the phosphorescent copoly- Energy (eV)
mers17and18are presented in Figure 3. The spectra are Very rigyre 3. The thin film absorption spectra of the spacerless copolymers
similar to the absorption spectrum of PEOwith maxima 17aand17band the octamethylene-tethered copolyni8aand18b and
centered at 3.17 eV (391 nm) for the octamethylene-tethered Poly(9.9-dioctyl-H-fluorene-2,7-diyl) (PFO) at room temperature.
copolymer18b and 3.23 eV (384 nm) for the other polymers. ] o _
The small shoulder at 2.85 eV (435 nm) in the spectragif of the copolymersl7 and 18 essentially coincide with that of
and PFO indicates the presence of a small fraction of pIanarizedPFO is consistent with an estimate of the effective conjugation
chain conformations in these filn§&%* This feature is much  length in polyfluorenes being only 12 bonded fluorene @hits
weaker in the spectra of the spacerless copolyigrmdicating and justifies the study of the relatively low-molecular-weight
that a direct connection of the iridium complex to the poly- Copolymersl7and18 as models for PFO. We also note that
fluorene backbone inhibits planarization in these films. The the contribution of the bonded iridium complexes to the
slightly lower energy of the absorption maximum in the absorption spectra of the copolymédrgand18 is too weak to
octamethylene-tethered copolynidbis attributed to the effect be distinguished from the scattering in the baseline; it is therefore

of this planarization. Our observation that the absorption maxima N0t possible to derive information on the iridium complex
loadings in the copolymer&7 and 18 from their absorption

(61) Chen, H.; He, M.; Pei, J.; Liu, BAnal. Chem2002 74, 6252-6258. spectra_
(62) Martin, K.; Spickermann, J.;'Rar, H. J.; Milien, K. Rapid Commun. Mass . . .
Spectrom1996 10, 14711474, Photoluminescence and Electroluminescence Properties.
The room-temperature photoluminescence (PL) spectra for the

6 4k b

Normalized absorption

(63) Khan, A. L. T.; Sreearunothai, P.; Herz, L. M.; Banach, M. Jhi€g, A.
Phys. Re. B: Condens. Matte2004 69, 085201.

(64) Grell, M.; Bradley, D. D. C.; Ungar, G.; Hill, J.; Whitehead, K. S.
Macromoleculesl999 32, 5810-5817.

(65) Klaerner, G.; Miller, R. DMacromolecules1998 31, 2007—2009.
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Figure 4. The thin film (a) photoluminescence (PL) and (b) electrolumi-
nescence (EL) spectra of the spacerless copolyrh@éesand 17b and
octamethylene-tethered copolymé&g&aand18b at room temperature. The

The efficiency increases with the iridium complex loading in
both the copolymer$7 and18. More importantly, we find that
the phosphorescence efficiencies of the octamethylene-tethered
copolymersl8aand18b are approximately double those of the
corresponding spacerless copolymeraand17b. The greater
efficiencies of the octamethylene-tethered copolym&rsannot
be attributed entirely to the somewhat higher iridium complex
loadings estimated fot8 from 'H NMR data: the phospho-
rescence efficiency ([2Z 4]%) of the octamethylene-tethered
copolymerl8a(iridium complex loading of 0.7 wt %) is similar
to that ([19+ 4]%) of the spacerless copolymErb even though
17b has a higher iridium complex loading (1.8 wt %). The
external EL quantum efficiencies at 100 cd%for OLEDs of
the phosphorescent copolyméisandl18are also listed in Table
2 and for the most part follow a similar pattern: the EL
efficiency of the octamethylene-tethered copolyri@ais about
twice that of the corresponding spacerless copolyh¥erand
still greater than that of the spacerless copolyiéhb with a
higher iridium complex loading. However, in contrast to the
PL efficiency data, the EL efficiency of the octamethylene-
tethered copolymet8bis the same (within experimental error)
as those of the spacerless copolynitb and the other
octamethylene-tethered copolym&8a Further details about
the PL and EL efficiency are given in the Supporting Informa-
tion.

We consider this unexpected low EL efficiencyXb may
be a consequence of triptetriplet annihilation. Measurements
by Gong and co-workers on polyfluorene doped with iridium
complexes have shown that triptetiplet annihilation begins
to occur for doping concentrations above-2 wt %56 The
content of iridium complex irl8b is about 3 wt %, so the EL

spectra are normalized and offset along the vertical axis. Optical excitation QY is therefore likely to be affected by triptetriplet annihila-

for the PL spectra was provided by the 355 and 364 nm lines of dn Ar
laser.

phosphorescent copolymet3 and18 are presented in Figure

4a. The room-temperature PL is characterized by both fluores-
cence from the polyfluorene backbone [with a peak around 2.8
eV (443 nm)] and phosphorescence from the bonded iridium

complex [with a peak around 2.0 eV (620 niJOLEDs with

simple device structures of glass/ITO/PEDOT:PSS/copolymer/

Ca/Al were fabricated for the copolymet§ and 18 (see the
Supporting Information), and the electroluminescence (EL)

spectra are presented in Figure 4b. The EL spectra are almos
identical for all four copolymers because the emission from the

triplet state of the iridium complex is observed with little or no
singlet emission from the polyfluorene chafidslhis indicates

that charge trapping rather than energy transfer is the predomi-

nant mechanism of EL in these devié€$’ Under electrical

excitation, the holes and electrons are expected to be trappec1S

by the iridium complexes in the copolymet§ and 18 be-
cause both the HOMOH5.1 eV) and LUMO (2.4 eV) energy
levels reported for the model red phosphorescent iridium
complex 13 lie inside those of PFO (HOMG-5.6 eV and
LUMO —2.2 eV)3°

The phosphorescence quantum efficiencies for thin films of
the phosphorescent copolymérgdandl18 are listed in Table 2.

(66) Gong, X.; Ostrowski, J. C.; Moses, D.; Bazan, G. C.; Heeger, Add.
Funct. Mater.2003 13, 439-444.

(67) Gong, X.; Ostrowski, J. C.; Bazan, G. C.; Moses, D.; Heeger, A. J.; Liu,
M. S.; Jen, A. K.-Y.Adv. Mater. 2003 15, 45—49.
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tion in contrast to the other copolymet3a 17b, and18athat
have lower iridium complex loadings of 6-8..8 wt %. This is
different from the measurements of PL QY, where excitation
densities are low enough to prevent triptétiplet annihilation.

The difference in EL efficiency between the spacerless
copolymerl7aand the octamethylene-tethered copolymh@a
is striking. Given that the mechanism for creating excitons under
electrical excitation is charge trapping on the iridium complex,
then the same number of excitons should be creatdd@mas
in 18a This raises the question of why the luminescence
efficiency depends on the presence or not of a spacer (tether)

etween the polyfluorene backbone and the bonded iridium
complex.

Thompson and co-workers have shown that endothermic
Dexter triplet energy transfer from phosphorescent iridium
complexes to a fluorene trimer occurs very efficiently in
olution. They proposed that this same process should be less
efficient in a solid blend of an iridium complex and polyfluo-
rene®® One of the reasons for this is the lack of molecular
motion within a thin film, preventing the randomly orientated
iridium complexes from adopting conformations that are more
efficient for triplet energy transfer. In the phosphorescent
copolymersl7 and 18, the triplet energy levels of the bonded
iridium complex and polyfluorene are similar (2.0 and 2.1 eV,
respectively), and so endothermic triplet energy transfer can be
expected to occur. Furthermore, crystallographic analysis of the

(68) Sudhakar, M.; Djurovich, P. I.; Hogen-Esch, T. E.; Thompson, MJ.E.
Am. Chem. SoQ003 125 7796-7797.
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Table 2. The Photoluminescence and Electroluminescence Quantum Yields and Photoluminescence Lifetimes along with Their Relative
Contributions to Biexponential Fit for the Spacerless Copolymers 17a and 17b and the Octamethylene-Tethered Copolymers 18a and 18b in
Thin Films at Room Temperature

estimated Ir phosphorescence
connection copolymer complex loading (wt % 13)2 QY (%)° EL QY (%)° 71 (us)? 7o (us)? he I
spacerless 17a 0.6 12+ 4 1.1+ 0.1 3.8+£0.1 0.9+0.1 0.90 0.10
tethered 18a 0.7 22+ 4 2.0+0.1 4.3+ 0.1 1.5+0.1 0.86 0.14
spacerless 17b 1.8 19+ 4 1.7+0.1 3.7£0.1 0.9+0.1 0.64 0.36
tethered 18b 2.8 40+ 4 1.9+0.1 4.0+0.1 0.9+ 0.1 0.66 0.34

aThe iridium complex loading is expressed as the weight-percentage of equivalent red phosphorescent iridiumI®asptetculated from the mole
fraction of the attached iridium complex in the copolymer and was estimated #ioMMR data (see the Supporting InformatioRPhotoluminescence
quantum yield, excitation at 355 and 364 rfElectroluminescence quantum yield at 100 ccm¥ Wherer and| are the photoluminescence lifetimes and
relative intensity contributions, respectively, according to the biexponential decay equitjor: |1expt/z1) + l.exp/t2) + c. The parametec denotes
the value of any baseline (see Figure 5 for the fits).

spacerless monomé&e shows that a face-to-face interaction is (a) 10°
present in the crystal with a separation of only 3.6 A between
the fluorenyl group and a cyclometalating ligand of the bonded
iridium complex. Such arrangements within the spacerless
copolymersl7 would encourage the wave function overlap of
the frontier molecular orbitals and thus Dexter triplet energy
transfer between the polyfluorene backbone and the bonded
iridium complexes. As a result, triplet excitons can readily back
transfer from the iridium complexes to the polyfluorene back-
bone in the spacerless copolymérs and diffuse along the
polyfluorene chains to dissociation sites. In contrast, triplet
excitons are confined more effectively on the iridium complex
in the octamethylene-tethered copolym&gbecause the tether
imposes a spatial separation between the iridium complex and | | | |
polyfluorene backbone. The lower EL efficiencies of the 0 2 4 6 8 10
spacerless copolymefs’ compared with those of the octam- Time (us)
ethylene-tethered copolymets, in particular, for the copoly- o

mersl7aand18awith lower iridium complex loadings, point (b) 10 ' ' ! !

to greater triplet energy back transfer from the bonded iridium ——17b
complexes to their polyfluorene hosts in the spacerless copoly- ——18b
mers17.

To investigate this effect further, we have measured the PL
lifetime of the copolymerd7and18. Figure 5 shows the decay
of the PL intensity at room temperature and lines of best fit to
the biexponential decay equation:

Phosphorescence

N
2

I(t) = 1,expl/zy) + l,exptiz,) + ¢

Phosphorescence

N
°
T
|

The PL lifetimes and their relative contributions to the
biexponential fit are shown in Table 2. From these data, we
observe that the PL decays faster in the spacerless copolymers L L L I
17than in the corresponding octamethylene-tethered copolymers 0 2 4 6 8 10
18. The enhanced luminescence quenchindin(as evident Time (us)
from the shorter PL lifetime, as well as the lower PL and EL Figure 5. The decay of the photoluminescence intensity (excitation at 355
quantum yields) further supports our position. Considering that [ & 2R (EIRETIE SR8, 0 S ) 0 copoymerband 16
a significant fraction of the electrerhole recombination occurs (higher iridium complex loadings). The solid lines indicate biexponential
at the organometallic center, we propose that the close proximity fits as described in the text.
of the bonded iridium complex to the host polyfluorene in the
spacerless copolymeld leads to an increase in triplet energy at 20 K (see the Supporting Information). This confirms the
back transfer from the iridium complex to polyfluorene. In temperature activated nature of the energy transfer.
contrast, the octamethylene tether in the copolym@&reffers We note that the increased back transfer in the spacerless
spatial control of the iridium complex in relation to the copolymersl7 alone cannot fully account for the lower PL
conjugated polymer backbone and acts to reduce triplet energyquantum yield. We consider the low PL quantum yield of the
transfer within the system, thereby improving the triplet exciton spacerless copolymet7 compared with the octamethylene
confinement at the iridium complexes 8. In contrast to the tethered copolymet8 may be caused by the combination of
room temperature measurements, we observe no difference inncreased back transfer from guest to host and a lower forward
the phosphorescence decay between the copolyh7eard 18 energy transfer from host to guest.
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therefore conclude that the |ncorporat|on' of a spacer betwegn Supporting Information Available: General experimental
polymer host and phosphorescent guest is an important design . . . . .

o o X e methods, including device fabrication, synthetic procedures, and
principle for achieving higher efficiencies in those electrophos-

phorescent OLEDs for which the triplet energy levels of the chargctenzaﬂon f,02_4’ 6,8-13 and16-18, X-ray dlffract|on.
host and guest are similar. Furthermore, we have demonstratedt'dies and CIF files fol2 and13 (the data have been deposited
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