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The synthesis of hole transport, electron transport, and functiongizkietone monomers, as well
as their living radical polymerization, is described. Utilizing a second-generation nitroxide initiator allows
the polymerization of homopolymers, as well as random and block co- and terpolymers, with predictable
molecular weights and low polydispersities. These highly soluble polymers bearing bipolar transport
moieties can either be used directly as a matrix for doping with luminescent molecules or be functionalized
with phosphorescent iridium or platinum complexes. The flexibility of polymer construction and
functionalization translates into versatility in the design and the tuning of functional properties of solution-
processed organic light emitting diodes. Devices emitting white light with maximum front face external
quantum efficiency (EQE) of 4.9% and devices having green emission with maximum EQE of 10.5%
have been achieved.

Introduction dendrimer&are of great interest as they are more amenable

Electroactive materials have attracted much attention {0 the solution processing techniques such as spin-coating
because of their use in emerging technologissch as and ink-jet printing that qould be used fpr low cost product_ion
organic light emitting diodes (OLED$)photovoltaic de- over Iarge_ areas. A particularly appgahng solution to achieve
vices? and field effect transistorsln OLEDs, high quantum highly efficient polymer-based devices involves energy or
efficiencies were obtained when small, molecular phospho- charge transfer from polymer hosts to phosphorescent guest
rescent emitters such as cyclometalated platfend molecules. Both conjugated and nonconjugated linear poly-
iridium® complexes were used. The strong spimbital mer hosts ut|I|_2|ng phosp_horescer_lt complexes as dofjahts
coupling of heavy metals facilitates efficient intersystem Of incorporating them in the side chaifshave been
crossing and allows the complexes to capture both the reported. However, the use of conjugated polymers as hosts
electrogenerated singlet and the electrogenerated tripletc@n be problematic because they can quench triplet excitons
excitons. Thus, devices based on these complexes carffom phosphors emitting wavelengths lower than ted.
theoretically approach 100% internal quantum efficiency. 1herefore, polymers with a nonconjugated backbone may

While the best performances have typically been obtained be more swtable' for use with phosphorescent emitters. In
with devices based on small molecules, polyrheasd addition, nonconjugated polymers generally have greater
solubility than rigid-rod conjugated polymers, thus facilitating
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material has beneficial effects on the performance of solution- have reported a TEMPO (2,2,6,6-Tetramethyl-1-piperidinyl-

processed devices. Bazan and co-workers have reported axy) initiated polymerization of a block copolymer composed

high quantum efficiency of 10% for devices obtained by of an oligo-phenylenevinylene block and an oxadiazole

doping tris[9,9-dihexyl-2-(pyridinyl-2fluoreneliridium(lIl) block. Though the polymers reported had modest polydis-
into a blend of 2tert-butylphenyl-5-biphenyl-1,3,4-oxadia-  persities and conversions, this work demonstrated that NMRP
zole (PBD) and poly(vinylcarbazolé)2 Jiang et al. have also  was suitable for the controlled synthesis of electroactive
reported achieving a quantum efficiency of 12% by doping block copolymers with a nonconjugated backbone. Behl et
iridium(ll1) bis(2-phenylquinolyl)-N,C) acetylacetonate into  al.*® have also presented TEMPO initiated HT/ET block

a blend of polyhedral oligomeric silsesquioxane-terminated copolymer synthesis, with good polydispersities reported for
poly(9,9-dioctylfluorene) and PBE® However, these ef-  their solution-based polymerizations.

ficiencies were obtained by measuring the total light output Compared to TEMPO, the use of newer generation
using an integrating sphere. The external quantum efficiency glkoxyamine-based initiator¥scan produce materials with
measured by this method could be up to four times larger |ower polydispersity, which is a very important factor in
than that measured in the viewing direction only (usually achjeving well-defined morphology in block copolymers.
the front face), typically referred to as the EQE? When compared to random copolymers, block copolymers

Incorporating both HT and ET functionalities into copoly-  offer more tunability via morphological effects on substrate
mers has an additional advantage over the ET doping strategyinterfaces or the degree of component phase separation.
involving small molecules in that the homogeneity of the Certain morphologies may also be able to directionally guide
covalently linked functionalities could prevent the gross the light, maximizing the amount of light emitted from the
phase separation and eventual crystallization of molecularfront face of the devic&’ Self-assembly to patterned surfaces
ET. We have recently reportéd random terpolymer with  mjight even enable the construction of nanosized molecular
a pendant ET, HT, and platinum complex that emits white electronics. We now report the synthesis of HT, ET, and
light with an EQE of 4.6%. More recently, Suzuki et al. have g-diketone ligand (Ln) monomers, as well as their polym-
reported a terpolymer with a pendant iridium complex erization using an alkoxyamine initiatom modular approach
emitting green light with 11.8% EQE using Cs as the to the generation of both random and block copolymers with
cathode’® However, the influence of different ET and HT  pipolar transport abilities. We demonstrate that these materi-
moieties, as well as the nature of the polymer backbone onals, whether simply used as a matrix for doping with
device performance, has not been fully explored. phosphorescent emitters or functionalized with platinum or

Living radical polymerizatiof® has been shown to be a iridium phosphor complexes, can be used to construct highly
convenient method for preparing homopolymers, statistically efficient, solution-processed OLEDs.
random and block copolymers, and even graft and branched
copolymers with low polydispersities, predictable molecular Results and Discussion
weights (MWSs), and controlled architecture. Of the available
living radical polymerization methods, nitroxide-mediated =~ Monomers. A series of both styrenic and acrylic HT and
free radical polymerization (NMRP) is of particular interest ET monomers were constructed in order to evaluate their
for synthesizing electroactive polymers because of its toler- suitability for the synthesis of electroactive materials. In
ance of many functional group$as well as the absence of Scheme 1, 3-vinyl triphenylamin@sand3 were constructed
metal catalysts, coordinating ligands, or sulfur-containing from the corresponding diphenylamines and 3-bromostyrene
moieties. This is in contrast to other excellent methods of utilizing NaO+4-Bu as the base. Amination of with
living polymerization, such as atom transfer radical polym- carbazole proceeded similarly when a stronger base, NaH,
erization, ring opening metathesis polymerization, or revers- was used at 80C, giving monomer4. Acrylate 6 was
ible addition-fragmentation chain transfer polymerization. constructed from alcohdb'® and acryloyl chloride, with
Such consideration is important for the intended end use of triethylamine as the base and DMAP (4-Dimethylaminopy-
the materials, as ligand functionalized monomers will be ridine) as the catalyst. The synthesis of 3-vinyl oxadiazole
incorporated in the polymers, and the presence of catalyst10 (Scheme 2) started with 3-acetylbenzonitrile, which was
residues might impair device performance. Boiteau ét al. converted to tetrazolé by refluxing with NaN and ZnBg

in water!® The crude tetrazol@ was then reacted with #ert-
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filtration and recrystallization, an alternative route was also
explored for 4-vinyl oxadiazoled3 and 14, in which
bromideg® 11 and 12 were coupled with tributylvinyltin
using Pd(PP4), as the catalyst. Acrylate ET monom&8
was constructed by first coupling protected tetraAdevith
benzoyl chloride and then removing the protecting group with
TBAF (Tetrabutylammonium fluoride) to afford oxadiazole
16, which was acylated with acryloyl chloride to afford the
final oxadiazolel8. Acrylate 19 was produced in a similar

Deng et al.

manner froml5 and 4tert-butylbenzoyl chloride. Diketone
ligand monomers were constructed by reacting 4-chlorom-
ethylstyrene with either acetylacetone or 2,6-dimethyl-3,5-
heptanedione, yielding0 and21, respectively (Scheme 3),
which were used later to incorporate iridium or platinum
complexes into the polymers. Additionally, monomags**
2322 24,2 and 25'5 were also synthesized according to
literature procedures.

Homopolymers. The newly synthesized monomers were
polymerized using alkoxyamin26' as the initiator. The
polymerizations were run neat at 126, except in the case
of 25, wheretert-butylbenzene was used as a solventat 3 M
concentration because of the high melting poin26f The
MWs of the polymers (Table 1) were determined by size
exclusion chromatography (SEC) using polystyrene stan-
dards. Multi-angle laser light scattering (MALLS) analysis
was also performed on a few polymers. It was found that
the theoretical MWs of the polymers predicted based on the
initiator-to-monomer ratio matched the light scattering results
reasonably well, while the polystyrene standards underesti-
mated the MWs of most polymers. The homopolymers
prepared from vinyl triphenylamine monome&rgpolymers
28—30) and22 (polymer42) as well as oxadiazole monomer
25 (polymer47) showed good polydispersity indexes (PDI)s,
while slightly broader PDIs were observed for polymers
prepared from vinyl oxadiazole monomd@(polymer34),

13 (polymers35—36), 14 (polymer 37), and 24 (polymers
44—46) and acrylate monomess(polymer33), 18 (polymer
38), 19 (polymer39), and 23 (polymer43). The difference
in PDI for polymer47 compared with those for polymers

Scheme 2
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aConditions: (i) NaN, ZnBr, water, reflux; (ii) pyridine, reflux; (iii) NaBH, EtOH, room temperature; (iv) PTSA (p-Toluenesulfonic acid), toluene,
reflux; (v) Pd(PPB)4, tributyvinyltin, toluene, 90C; (vi) TBDPSCI tert-Butyldiphenylsilyl chloride), imidazole, DMF; (vii) Naj Et;N-HCI, toluene, 100

°C; (viii) TBAF, THF; (ix) acryloyl chloride, EtN, DMAP, CH,Cl>.
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Table 1. Homopolymerization of Various Monomers Initiated by
Nitroxide 262

reaction conv GphC theoretical
polymer monomer time (h) (%) My,° PDI My®

28 2 18 91 18000(32009 1.15 29000
29 2 2.0 64 10000 1.18 16 060
30 2 0.75 36 5400 1.15 7 060
31 3 18 63 11000 1.33 19060
32 4 17 99 21000 1.60 27000
33 5] 16 92 14000 1.89 15000
34 10 15 95 30000 1.40 33000
35 13 15 93 23000(38009 1.47 36000
36 13 5.0 70 14000 1.19 23060
37 14 15 89 21000 1.61 29000
38 18 17 49 14000(23009 1.31 20006
39 19 17 58 7300 1.39 13060
40 20 5.0 15 000 1.22 12000
41 21 4.0 89 16 000 1.12 19000
42 22 20 67 3200 1.11 9 0G0
43 23 20 86 13000 1.44 17000
44 24 0.7 37 6100 1.29 12060
45 24 2.0 61 25000 1.19 40060
46 28 18 90 25000 2.25 29000
47 25 20 90 17000(32009 1.13 35000
48 NVKh 1 81 40000 2.65 33000

aPolymerized neat (exce@b) with initiator 26 at 125°C except where
noted.” My, based on polystyrene standards, except where néi&teo-
retical MW based on monomer/initiator ratio, except where nctéd,
based on light scattering datarheoreticaM,, based on percent conversion.
f A total of 0.05 equiv of27 per 1 equiv 0f26. 9 Reaction temperature
110°C. " N-vinylcarbazole.
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from other vinyl oxadiazoles (polymeB4—37, 44—46) is
thought to be attributed to the extra phenyl ring of monomer
25 contributing to the stability of the propagating radical.
Both triphenylamined and22 were tacky solids and unstable
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(21) Feast, W. J.; Peace, R. J.; Sage, |. C.; Wood, Polym. Bull 1999
42, 167.

(22) Yatsue, T.; Miyashita, TJ. Phys. Chem1995 99, 16047.

(23) Dailey, S.; Feast, W. J.; Peace, R. J.; Sage, I. C.; Till, S.; Wood, E.
L. J. Mater. Chem2001, 11, 2238.
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Figure 1. Conversion vs polymerization time f@& and 24 with initiator
26.

Table 2. Random Copolymers and Terpolymers of Various
Monomers Initiated by Nitroxide 26

monomers mol ratio

polymerP  A/Bor A/IB/IC A/Bor A/B/C My PDI
49 2/14 1/1 18 000 1.18
50 2/14 1/2 20 000 1.47
51 2/14 2/1 16 000 1.14
52 2/19 1/1 23000 1.34
53 2125 1/1 18 000 1.23
54 3/24 1/1 17 000 1.27
55 23/24 171 17 000 1.62
56 NVK/ 14 1/1 13 000 1.17
57 2/21 8/1 8100 1.14
58 2124 11 19 000 1.20
59 2/20/24 1/1/1 13000 (22009 1.33
60 2/20/24 6/1/6 17000 (24009 1.19
61 2/20/24 10/1/10 14 000 1.20

2The average reaction time 6 h for all polymers except f&@6, which
is 15 h.b The isolated yield of all polymers ranges from 82983%. ¢ My,
based on polystyrene standards, except where nbfEte concentration
in tert-butyl benzene wa3 M . ©M,, based on light scattering data.
in storage, while triphenylaming2 was a dry solid which
was reasonably stable at room temperature. Given the
handling problems and low conversions obtained with
monomer22 (polymer 42), triphenylamine2 was selected
for subsequent polymerizations. As reported for acrylate
monomers, 0.05 equiv of free nitroxi®y** per 1 equiv of
initiator 26 was used for the polymerizations of monomers
6, 18, 19, and23. Furthermore, when nitroxid27 was added
to the polymerization of the styrenic monomB, the
polydispersity was also significantly improved (compare
polymers 35 and 36). The polymerization rate of the
monomers was noticeably higher than that of styréneth
both monomerg& and24 showing over 55% conversion after
only 2 h (Figure 1). When compared to previously reported
TEMPO initiated polymerization¥;1¢ the use of26 as an
initiator is advantageous as it involves solventless polymer-
izations, leading to narrower polydispersities and shorter
reaction times.

Copolymers.Random copolymers and terpolymers were
synthesized from selected monomers and exhibited living
behavior, with predictable MWs and generally low poly-
dispersities (Table 2). While commercially availabie
vinylcarbazole (NVK) did not exhibit living behavior with
26 as the initiator (polyme#8), its copolymerization with
14led to a copolymer with low polydispersity, together with
a small amount of a low MW oligomer that could be removed
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Table 3. Block Copolymers and Terpolymers Initiated with Table 4. Phosphor-Functionalized Terpolymers
Macroinitiators - - -
functionalized starting wt %
initiating wt ratio terpolymer dimer terpolymer complex
copolymer polymer/monomer polymer/monomer M2 PDI 59.FPt 69 59 >3
62 2910 1/1 53000 1.71 60-Ir 68 60 13
63 2924 1/2 22000 1.23 61-Ir 68 61 8
64 44?2 1/3 16000 1.38 66-FPt 69 66 6
65 2921 10/1 11000 1.14 59-r 71 59 29
66 6524 11 17000 1.21
67 30/24 11 14000 1.18 corresponding to the initiating polymer was present (Figure
aM,, based on polystyrene standar8i&imodal distribution. 2c). However, if the triphenylamine homopolymer was used
as the macroinitiator to grow an oxdiazole block, the
@ 4 28 (b) 2 “shoulder” was not observed (Figure 2b). Differential scan-
6 ning calorimetry analysis of copolymes2 showed two
separate glass transition temperatures at 136 and°@85
corresponding roughly to the expected values for the block
components, triphenylamine polym@s (Ty 125 °C) and
oxadiazole polymeB4 (T 182 °C), which suggested phase
TR R N R R T B % = separation of the HT and ET domains. A triblock terpolymer
consisting of HFLn—ET blocks was also constructed
© g 4 @ » (Figure 2d). Therefore, HT polym@9 was used to initiate
65 the polymerization oR1, giving diblock copolymef5 with
a relatively short block of Ln, which was then used to initiate
the polymerization of24, affording the final triblock
copolymer66. The SEC traces confirmed the sequential
nature of the growth with retention of narrow polydispersity
14 16 18 20 22 24 16 18 20 22 at each step.
Minutes Minutes Phosphor Functionalization.Both random, block co- and

Figure 2. (a) SEC traces of triphenylamine (TPA) polyn®8 and block ini i
copolymer62 (TPA—oxadiazole) with initiating polymer “shoulder”. (b) random block terpOIymers Comamln@-dlketone groups

SEC traces of TPA homopolym@8 and copolyme63 without significant could be_ f!JnCtio_nalized with iridium and platinum com-
homopolymer. (c) SEC traces of inverse block growth shows “shoulder” plexes. Iridium dime68%* and platinum dime6%° (Scheme

of initiating oxadiazole homopolyme#4 and block copolymeé4. (d) SEC  43) with moderate solubility, were coupled to the diketonate
traces of initiating TPA homopolyme29, diblock copolymer65, and . .
triblock terpolymere6. ligands in the polymers (Scheme 4b). The copolymer and 3
equiv of dimer per 1 equiv of diketone were reacted with
by reprecipitation. The composition of these random co- NaCOs; at 85°C for abou 5 h in theminimum amount of
polymers measured by4 NMR was found to be similarto  solvent needed to dissolve the polymers, followed by
the initial ratio of the monomers, which is expected, given filtration to remove insoluble starting material before repre-
the high conversion of the polymerizations. cipitation. As an alternative, the use of soluble Ir diniér
Block copolymers were also constructed, by taking (Scheme 4a) allows a complementary means of purification,
advantage of the dormant nitroxide end group of homopoly- in which the copolymer can be conventionally precipitated
mers to initiate new polymerizations (Table 3). It was after metalation to remove excess starting dimer, a process
observed that if the initiating blocks chosen had been that could be useful for functionalizing polymers that are
obtained with polymerization times that far exceeded the time difficult to filter or have poor solubility. While an excess of
required for complete conversion (4 h), varying but signifi- dimer and concentrated conditions were found to be neces-
cant amounts of “shoulder” contamination would be observed sary to attain a high degree of functionalization, the metal
in the size exclusion chromatograph of the resulting block complexes68 and 69 recovered from filtration and’1
copolymer, as shown in Figure 2a. The nature of the recovered from the filtrate could be reused. Table 4 lists the
“shoulder”, isolated by fractional precipitation, was deter- copolymers functionalized b§8, 69, and71. The degree of
mined to be the initiating block that could either be “dead” functionalization could be established #y NMR, as peaks
or have failed to initiate growth of the second block. When that corresponded to the diketonate ligand and benzyl protons
the polymerization of the initiating block was terminated at ~2.8, 3.3, and 3.7 and the enol proton~at6.7 ppm,
before 4 h, the resulting block copolymers showed significant would resolve to a single peak (benzyl protons) at 3.48 ppm
reduction, or even elimination, of the homopolymer “shoul- after complete metalation (Figure 3). The64difluorophe-
der” (Figure 2b,c). This suggests that the nitroxide end groups nylpyridine ligand also contains a unique peak-&9 ppm
might be subject to terminating reactions, which competed due to the proton at the Hosition of the phenyl ring of the
with polymerization when the rate of polymerization had ligand, which does not overlap with other aromatic protons
significantly slowed at or near completion. However, even of the polymer.
when the polymerization time was kept to within 4 h, the
order of monomer addition was still important to grow block (24) Adachi, C.; Baldo, M. A.; Thompson, M. E.; Forrest, S.RAppl.
copolymers. When oxadiazole homopolyn#kt was used Phys2003, 90, 5048.

s s (25) Brooks, J.; Babayan, Y.; Lamansky, S.; Djurovich, P. I.; Tsyba, |;
to initiate the polymerization o2, a small “shoulder” Bau, R.; Thompson, M. Bnorg. Chem 2002 41, 3055.




Bipolar Transport Polymer OLEDs Chem. Mater., Vol. 18, No. 2, 20881
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Figure 3. IH NMR: (a) Copolymei59, with keto form benzyl protona anda-protonb, and enol form benzyl protora and enol protoy'. (b) Functionalized
copolymer59-FPt, benzyl protons, ligand phenyl protorc, and unreacted free acac at arrows. (c¢) Copoly6tewith keto form benzyl protons and
o-protonb and enol form benzyl protors and enol protorb'. (d) Functionalized copolymesO-Ir, benzyl protonsa, and no visible unreacted acac sites,
suggesting complete functionalization.

Electrochemical Properties.Thin film cyclic voltammetry thin films is more related to device performance than in
(CV) was carried out on selected copolymers to check their solution. The results are summarized in Table 5. In thin film
redox stabilities because their electrochemical behavior onCV, the thickness of the diffusion layéris usually thinner
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Figure 4. Cyclic voltammograms of copolymet9 (a) as a thin film and (b) in solution.

Table 5. Redox Potentials of Bipolar Copolymers Relative to Ag/Ag a_dg
copolymer  Ey® (V) Eo™5e4(V) Eyed (V) Ere™e(V) 1.0 F .'\ —:— g?
49 1.00 0.69 —2.05 ~185 & "".,‘. P
5x 1.17 0.93 _ 0.8+ AT w .5 4 a7
53 115 0.78 ~189 ~1.70 3 [y W% | g reoymer
54 0.76 -1.76 £ 06 :;.-‘ ¥ 1y 4 %
55 1.4 1.28 -1.92 -1.63 2 .J:,.-'; % I %
7] aie o . t
2 Polymer52 showed no reduction peak untii2.2 V.  Quasi-reversible S 0.4 .fg' 4‘ % i '*.
reduction.© Irreversible oxidation and reductiohMajor oxidation peak. ET Wy % | .0.
: | %
than that of the filmd, and charge transfer through the film 0.2 ; %
occurs largely by charge hopping rather than physical motion

of the redox centers, because the redox moieties are anchored 0.0
to the polymer backbor®&.Copolymers with triphenylamine 400
as the hole transporter (copolymé@ 52, and53) showed . _ o
eversie oxdatonfor e i saimples despe repors £, 1manes P et i ooyt o0
that simple triarylamines without para substitution exhibit (acac). All the thin films had the same thickness (100 nm).
irreversible electrochemist®f. We attribute the observed
reversibility for the polymers to the folding of the polymer of the five copolymers tested showed a single peak exciplex
chains and the limited motion of the redox centers in the emissior® The Amax €mission is between 410 and 425 nm
film, which could prevent the dimerization of triphenylamine for all of the five hosts studied. At 8 wt % (tpy)(acac),
radical cations. To test our hypothesis, studies involving there is no polymer (exciplex) emission; only dopant
solution CV were also carried out. As shown in Figure 4, emission is observed. All five hosts doped with the Ir
the oxidation of copolyme#9 was no longer observed to  complex follow the same behavior and only show dopant
be reversible in solution: there was no peak on the return émission. This indicates that a loading of 8 wt % of (tiry)
scan corresponding to the reduction of triphenylamine radical (acac) is sufficient to completely quench the host polymer
cation. A secondary oxidation peak appeared at about 0.80emission under optical excitation. The dominant emission
V on the following scans, as expected for the oxidation of a by (tpy)lr(acac) is also evidence for efficient fter energy
triphenylamine dimer. A shift of the half-wave oxidation transfer from the copolymers to (tpyf(acac).
potential was also observed for HET copolymerst9, 52, Devices with Copolymer Dopants.To demonstrate the
and53, in the range of 0.150.17 V, which was likely due  Suitability of HT/ET copolymers as the host matrix for
to the presence of different ET moieties in each of the phosphor dopants in OLEDs, a solution of copolyrdér
copolymers, causing variations in the local environment and 7 wt % of platinum(ll) (2-(46'-difluorophenyl)pyridi-
surrounding the HT moieties. The reduction potential of the nato-N,C&)(2,4-pentanedionat®)(FPt) was used to make a
copolymers varied from-1.83 to—2.05 V, consistent with ~ device with the following structure: ITO/PEDOT/dopant-
the structural variation on the oxadiazoles. As will be copolymer/BCP/Alg/LiF/Al, as shown in Figure 6 (where
illustrated below, the redox stabilities of the copolymers can ITO = indium tin oxide, PEDOT= poly(3,4-ethylene-
be correlated to the performance of the devices (i.e., EQE,dioxythiophene), BCP= 2,9-dimethyl-4,7-diphenyl-1,10-
brightness, turn-on voltage). phenanthroline, and Ajg= aluminum-tris(8-hydroxyquino-
Photophysical Properties To test the efficiency of energy  ate)). In devices of this type, emission from both monomeric
transfer, thin films of copolymerd9—53 with 8 wt % of and aggregate states of the FPt dopant, leading to white
iridium(l1)bis(2-(4-tolyl)pyridinato-N,&)acetylacetonate ~ emission, can be observed. The square planar platinum
[(tpy)2Ir(acac)f® were prepared and optically excited. The emitters were chosen here instead of the octahedral iridium

photoluminescence (PL) spectra of these copolymers with

excitation at 325 nm are depicted in Figure 5. The PL profiles (28) (@) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.;
Kwong, R.; Tsyba, I.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. E.

Inorg. Chem2001, 40, 1704. (b) Li, J.; Djurovich, P. I.; Alleyne, B.

(26) Larsson, H.; Lindholm, B.; Sharp, M. Electroanal. Chem1992 D.; Tsyba, I.; Ho, N. N.; Bau, R.; Thompson, M. Eolyhedron2004

336, 263. 23, 419.
(27) Yano, M.; Furuichi, M.; Sato, K.; Shiomi, D.; Ichimura, A.; Abe, K.;  (29) De Lucia, F. C., Jr.; Gustafson, T. L.; Wang, D.; Epstein, &Rhs.
Takui, T.; Itoh, K.Synth. Met1997, 85, 1665. Rev. B 2002 65, 235204.
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Table 6. Properties of OLEDs Prepared from Various Polymers

| AiF 1000A ]
Alg, 250 A turn-on voltage =~ maximum brightness ~ maximum
BCP 150 A polymer @ 1 Cd/n% [V] [Cd/mA] EQE [%]
49 8.2 8000 8.6
sttt 50 8.4 5500 9.5
51 7.5 7500 105
ITO 52 9.9 3500 4.0
53 10.1 3450 4.4
Figure 6. OLED construction: ITO/(PEDOT/PSS)/polymer-phosphor/BCP/ 54 12.0 2500 35
Alg3/LiF/Al. Both the PEDOT and polymer-phosphor layers are solution 55 12.4 1600 3.7
processing steps, while the BCP, Algand LiF/Al cathode layers are 56 12.5 200 25
vacuum-deposited. The PEDOT layer acts to both planarize the substrate 29 13.2 6 1.2

and efficiently inject holes into the emissive layer. The BCPAlombina- . -
tion acts to efficiently block holes and inject electrons into the emissive reported for the covalently anchored system, with a similar

polymer layer. platinum loading level.
- To compare different polymer hosts, solutions of homo-
= i —— Terpolymer (6% loading) . K )
£ 1.0 ' —e— Dopant-49 (7% loading) polymer29 and copolymer9_9 56 with 8 wt % of (tpy)lr
5 | - - FPtinTHF (acac) were used to fabricate OLEDs. The results are
2084 N . .
S — summarized in Table 6. There are several factors that can
2 06 i / influence the performance of copolymer devices. Two of
g 5., . these, that is, the relative ease of charge injection and the
£ 041 § redox stability, can be estimated by CV. Copolymers bearing
5 0.2- CuarankOansty, mAve® triphenylamine HT (copolymer9—53) showed much better
% - performance than copolymers with carbazole HT (copoly-
o e e mers55 and56). We attribute the difference in performance
500 600 700 800 900 to the higher oxidation potential of carbazole (1.28 V) relative
Wavelength (nm) to triphenylamine (0.690.93 V), which makes the hole
Figure 7. Emission spectrum of the FPt-doped copolymér(dopant- injection more difficult for the carbazole-containing poly-

49}b|ased OLED is comparedbtlo t(?e specl:t%? e:f tlhe Cfovr?lently anchored mer3! Copolymers with oxadiazol&4 as ET and tripheny-
e e e emuay,  lamine2 a5 HT (copolymersig—51) showed the highest
the inset. efficiencies and brightness among all the copolymers. These
copolymers also showed higher redox stability than other
] ) . copolymers in thin films. Devices fabricated with copolymers
emitters because the platinum emitters are much moref gifferent backbones illustrate the fact that copolymer with
susceptible to aggregate formatitnMoreover, the ag- 3 styrenic backbone (copolym86) performed better than
gregates’ emission is markedly different from that of the st with an acrylic backbone (copolymé@). A similar
monomer, making the detection of the two materials straight- finding in which the poor performance of the acrylic
forward. Thus, the FPt emitter allows us to examine its packhone was attributed to the high polarity and low stability
degree of aggregation in the doped copolymer and to directly of the ester functionality has been reportéuVe also found
compare it to a very similar device, in which FPt was hat adding atert-butyl group to the para position of the
covalently anchored onto the main chain of a random HT/ gyadiazole had a minimal effect on device performance. Last,
sty-acac/ET terpolymef.In the covalently anchored system,  the device performance did not appear to be affected by either
the FPt dopants cannot form a separate phase, because thgjie MW or the polydispersity of the copolymer used.
are bound to the polymer chain. Thus, any diff_erence between The ratio of ET to HT also affected the device perfor-
the FPt-doped copolymet9 (dopantd9) device and the  mances. Though our devices have evaporated layers gf Alg
covalently anchored terpolymer one is likely due to dopant gcp that slightly favor electron injection, homopolymers
aggregation. The electroluminescence (EL) spectrum of theyith unipolar HT transporter abilities still gave relatively
dopant49 device was similar to that of both terpolynier poor device performance (polym28). Device performance
and evaporative small molecélelevices previously reported, \yas greatly improved by adding ET groups to the polymer
showing both monomer and aggregate emissive states of FPYcopolymers49—53). Increasing the HT to ET ratio from
The difference in excimer emission (broad shoulder, centeredq -5 g 2:1 (copolymerd9—51) lowered the turn-on voltage
at roughly 600 nm) of the devices based on dopthand by about 1 V, while the EQE was increased from 8.6 to
the covalently anchored terpolymer is consistent with the 1 5o4. Copolymeb1 showed a peak EQE of 10.5%, which
slightly higher doping level for the dopan8 device (7%), is the highest measured for all of the polymers tested in this
compared to the covalently anchored terpolymer system sy,dy. Further tuning of the ratio of the ET to HT may well

(6%), and is not a sign of enhanced aggregation in the yegylt in additional improvements in the performance of these
dopant49 device (Figure 7). The maximum EQE for the {evyices.

dopant49-based device rises sharply above a drive current
of 0.02 mA/cnt to a stable value of 4.9%. This device (31) Brunner, K.; van Dijken, A.; Bmer, H.; Bastiaansen, J. J. A. M.;

efficiency compares favorably with the value of 4.6% Tiz%g%r(l)ég. M. M.; Langeveld, B. M. WJ. Am. Chem. So@004
(32) BeIImann,' E.; Shaheen, S. E.; Thayumanavan, S.; Barlow, S.; Grubbs,
(30) D’Andrade, B. W.; Brooks, J.; Adamovich, V.; Thompson, M. E; R. H.; Marder, S. R.; Kippelen, B.; Peyghambarian@em. Mater.

Forrest, S. RAdv. Mater. 2002 14, 1032. 1998 10, 1668.
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suggests that the optimum concentration of the iridium
complex in this polymer system is exceeded6ihir, and
efficiency is lost as a result of self-quenching. This result is
not surprising, because the optimal doping level for a given
dopant depends strongly on the matrix. The same dopant in
a triazole host shows the highest EQE at a doping level of
12%24 The EL spectra of the devices made fr&®@Ir and
61-Ir (inset of Figure 9) show a sharp peak with the
maximum at 512 nm, which is comparable to reported

-
o
1

Brightness (cd/m?)
3

Quantum Efficiency, %

o R devices made with vacuum-deposited (ppyacac)?* The
" 001 01 1 10 emission spectra did not change with changing driving
Current Density, mA/cm? voltages for all devices made.
Figure 8. EQE vs current density for OLEDs with random copolyrb&r . .
and block copolyme67 doped with 8 wt % of (tpyjr(acac) is shown. Experimental Section
The brightness of these devices as a function of applied voltage is shown .
in the inset. General Methods.All reactions were run underNinless

otherwise noted. Solvents were dried as follows: tetrahy-
drofuran (THF) and toluene were dried over sodium.
Dichloromethane, acetonitrile, pyridine, and triethylamine
were distilled from calcium hydride. Chromatography was
carried out with Merck silica gel for flash columns, 230
400 mesh. Unless otherwise specified, extracts were dried
over NaSQ, and solvents were removed with a rotary
o1 g, _ evaporator at aspirator pressure. IR spectra (KBr) were
recorded on a Mattson Genesis Il FTIR. NMR spectra were
oL - - recorded on Bruker DRX-500 or AVX 400 instruments with
0.01 , I tetramethylsilane or solvent carbon signals as the standards.
0.1 ] , 10 H NMR integration for polymers was normalized to benzyl
_ Current Dgnsﬁy, mA/em _ (diketone) protons= 2. Elemental analyses were performed
E;g‘;;ere%- LJEQE ve curient ddtzrr‘sg?; rﬁg&'ﬁ'—ﬁﬁg%‘iﬁ (inset) for OLEDs  phy MHW laboratories. Mass spectrometry (HRMS) using
fast atom bombardment was done with a Micromass ZAB2-
We have also prepared devices with 8% (tpyacac) EZ double focusing mass spectrometer (BE geometry).
dopant in block copolyme67 to compare with the similar ~ Analytical SEC in THF was performed at 36 at a nominal
random copolymeb8 (Figure 8). The devices using the block flow rate of 1.0 mL/min on a chromatography line calibrated
copolymer were made under exactly the same conditions aswith linear poly(styrene) standards (162 100 000 Da) and
those prepared from the random copolymer; no annealingfitted with three columns having pore sizes of 100°, and
was performed to attempt control of phase segregation within 500 A, respectively. The SEC system consists of a Waters
the block copolymer. It is interesting to note that although 510 pump, a Waters 717 auto sampler, a Waters 486-UV
the block copolymer devices had almost the same EQE asvis detector, a Wyatt DAWN-EOS MALLS detector, and a
devices prepared with the random copolymer, the turn on Wyatt Optilab differential refractive index detector. Light
voltage was lowered to 5.2 versus 8.2 V for the random scattering data were analyzed using Astra software from
copolymer devices. This is probably because the block Wyatt, and SEC data using the UVis and differential
copolymer has larger continuous regions of HT and ET refractive index detectors were analyzed using Millennium
materials than is the case for the random copolymer, which software from Waters. Emission spectra (PL and EL) were
leads to greater carrier conduction and easier charge injectionrecorded on a PTI QuantaMaster model C-60SE spectro-
Both of these factors are expected to lower the turn-on fluorimeter equipped with a 928 PMT detector. Film thick-
voltage. Further studies of the effect of morphology control nesses were determined with a Rudolph Technologies
on device performance are underway. ellipsometer by spin casting films onto silicon wafers.
Devices with Functionalized Terpolymers.Functional- Cyclic Voltammetry. CV was conducted using a Solatron
ized terpolymers@C-Ir, 61-Ir) were used to fabricate devices 1285 potenstiostat. Measurements were performed using a
as shown in Figure 6, using the phosphor functionalized three electrode airtight cell under nitrogén2 mmdiameter
terpolymers for the emitting layer in place of polymer/ platinum wire was used as both the counter and the working
phosphor mixtures. The emissive center in these devices iselectrodes. A Ag/AgCl electrode was used as a reference
very similar to (ppyjlr(acac). The EQE values f@0-Ir- electrode. Solution CV was carried out in a mixed solvent
and61-Ir-based devices are shown in Figure 9. The higher of 7:3 CH.CI,/CH;CN, and solid-state CV was done in gH
device EQE was observed with the lower doping level. The CN. Films for solid-state CV were prepared by dipping the
device based o®0-Ir has a calculated iridium complex working electrode into a 10 mg/mL polymer solution in
concentration of 13% and gives a peak EQE of 7.3%, while CHCI; and then drying it by a stream of;NIn both cases,
the device based o61-Ir, with 8% of iridium complex 0.1 M tetrabutylammonium hexafluorophosphate was used
concentration, has the higher peak EQE of 10.0%. This as the supporting electrolyte. Current versus voltage mea-
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Quantum Efficiency, %
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surements were recorded versus the Ag/AgCl referenceoptical meter, equipped with a UV-818 Si photodiode. Only
electrode, which had been calibrated using a standardlight emitting from the front face of the OLED was collected
ferrocene/ferrocenium couple. and used in subsequent efficiency calculations. EL spectra

OLED Fabrication. Prior to device fabrication, ITO on  were recorded on a PTlI QuantaMaster model C-60SE
glass substrates was patterned as 2 mm wide stripes with apectrofluorimeter.
resistivity of 20 Q/O. The substrates were cleaned by
sonication in soap solution; rinsed with deionized water; Conclusions
boiled in trichloroethylene, acetone, and ethanol fod3nin
in each solvent; and dried with nitrogen. Finally, the  Novel ET, HT, andp-diketone ligand monomers were
substrates were treated with UV ozone for 10 min. A layer synthesized and utilized to prepare random and block co-
of PEDOT/poly(styrene sulfonate) (PSS) was spin-coated and terpolymers, via living radical polymerization using an
onto the substrate at 8000 rpm and baked in air &£®6or alkoxyamine initiator. This system affords excellent control
45 min. The polymer (or polymer and phosphors) was over the polymerization leading to materials with predictable
dissolved in chloroform at a concentration of 15 mg/mL. MWs and compositions, as well as narrow polydispersities.
The resulting solutions were filtered (@n poly(vinylidene The materials could be used successfully as a matrix doped
difluoride) filter) prior to use. The solutions were spin cast With phosphor complexes or directly functionalized with
at 2000 rpm for 40 s. The film thickness was determined to phosphor complexes, giving both white light and efficient
be in the range of 10601200 A by ellipsometry. A 150 A solution-processed OLEDs. This strategy enables facile
thick layer of BCP and a 250 A layer of AlJgvere deposited ~ device tuning, as both the type and the ratio of HT to ET
sequentially by thermal evaporation from resistively heated moieties can be adjusted to maximize charge mobility and
tantalum boats onto the polymer-coated substrate at a ratedevice efficiency. Devices emitting white light with maxi-
of 2.0 A/s. The base pressure at room temperature was (3 mum EQE of 4.9% and devices having green emission with
4) x 1078 Torr. After organic film deposition, the chamber maximum EQE of 10.5% have been demonstrated.
was vented and a shadow maskiw#é 2 mmwide stripe
was put onto the substrate perpendicular to the ITO stripes. Acknowledgment. Financial support of this research (at
A cathode consisting of 10 A LiF followed by 1000 A of LBNL and UCB) by the U.S. Department of Energy, Basic
aluminum was deposited at a rate of 0®4 A/s for LiF Energy Sciences, under Contract No. DE-AC03-76SF00098, and
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2 mm squares where the ITO (anode) and Al (cathode) stripesWith thanks.
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OLED Measurements. The devices were tested in air Supporting Information Available: Synthesis and character-
within 2 h offabrication. Device currentvoltage and light ~ ization of monomers and polymers and EQE graph and EL spectra
intensity characteristics were measured using the LabVIEW of polymers49—-53. This material is available free of charge via
program by National Instruments with a Keithley 2400 the Internetat htp://pubs.acs.org.
sourcemeter/2000 multimeter coupled to a Newport 1835-C CM051922+



