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Summary

A novel difuncthnalized 5,5'-dibromomeytene2,2' bipyridine ligand was prepared and
covalentlybound with concurrent crosslinking by a post-polymer iffeation mehod to
(N-vinylcarbazole-vinylalochol)  copolymer. The electrochemistry and  UV-vis
spectroscopy results both confirm the covalent attachment of ruthenium transition metal
complex to the polymer badodne. Dfferential s@anning calorimetry (DSC) and
thermogravimetric analysis (TGA) indicate high thermal stability of theolymer. The
copolymer is also highly phosphorescent making it a potential polymeric material for
transition metal based electroluminescent devices.

Introduction

Since the discovery of polymer-basekkctroluminescencgom poly(phenylenevinylene)
(PPV) (1), great research interest has been devoted to the use ofosénciing organic
polymeric materialdor the fabication of electroluminescent devices due to their ease of
processing, ecellent thermal and mechanical stability, as well as their capability of
providing a geater spectral range when compared tonventional inorganic
semiondwcting materials (2-4). Unforturately organic polymeric materials are, in
general, known to have poorer carrier niop than their horganic smiconductor
counterparts, a paramouractor forelectroluminescence.réper lection of theorganic
materials, efficient carrier injectiofrom both electodes, and conthed electon-hole
recombination within well-defined zones are the key factors in the performance of an
electroluminescent device (EL). A great deal &bt has been focused on increasing
charge injection efficiency, typicalfunction metal cdtode (5), and on carrier
confinement by using multi-layer heterostructu(@ps
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Another possible approach to enhance #iectroluminescene obrganic polymeric
materials is by designing a marcomolecular architecture that comprises a material with
both improved charge carrier mbty and efficient charge transfer to thehosphorescent
center. Bipyridine complexes of ruthenium possess severagcieiy interesting
chemical and spectrgropeties making them suitable candidafes electroluminescent
materials. For example, theirr@hg visible absorptions arising from raetal-to-ligand
charge-transfer (MLCT) transition produce long-livedtiged triplets capable of affecting
important redox camistry (7-10). More importantly, these complexes aréejunert to
ligand substitution and are thermally gpldbtoclemically stable. Our researgnoup has
previously observed a MLCT eleophosphorescence from Ru(bpyluminophore
coordirated to (vinypyridine-styrene) copolymer (11), and to our knowledge there is
only one other example of electroluminescence in caganic polymeric material
mediated by a ruthenium transition metal comfEX). We report here the synthesis and
characterization of aphosphorescent, crosslinked copolymer, where both poly(N-
vinylcarbazole), a commonly used material as hole-injecting material to the EL polymer
layer (13-15), and a tris-(2,2-bipyridyl) ruthenium (Il) luminophore are alsntly
attached to, or arunctional units forming, the polymer backbone as piaéremitters

for solid-gate devices.

Experimental

Methods and MaterialsAll reagents were obtaineffom Aldrich Chemicals Canada,
except for tetrabutylammonium hexafbrophosphte (TBAPE), which was obtained
from Fluka, Inc. TBAPE was recrystallized twicédrom absolute ethanol and dried in
vacuum. Reagent grade solvents were obtaifiech BDH. Benzene and THF were
refluxed over sodium/ potassium alloy in the presence of benzophenditethen
characteristic blue color of the bemhenone radal anion was obtained, then distilled.
3-picoline was distilled oveKOH under a Natmosphere prior to use.

Electrochemical solvents were freshly distilled ovgd,Runder an ineritmosphere. All
other chemicals were used as receiVeftared sgctra were remrded as KBr pllets with
Mattson 3000 Fourier Transform Infrared &gtrophotaneter.'H and “C NMR spectra
were performed on a Bruker ARX 400 MHz ®&lear Magnetic Resonance Spectrometer
in an appropate solvent using tetramethylsilane as an internal stdnd&ectonic
spectroscopy was tdined using a Hewlett-Packa84d52 diode array ggtrophotoneter.
Mass spectrometry was carried out using a KratosileréfV4000 mass sxtrometer.
Fluorimetry experiments wereondwcted in a Shimadzu RB51 sgctrophotometer in
argon deoxygeamted samples. Electrochemistry experiments wendoqmeed using a
Princeton Applied Researc@orp. 263 Potentidat using 0.1 M tetrabutylammonium
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hexafluorophospdite (TBAPFE) as an electrolyte. A Perkin Elmer DSC7 equipped with
TAC7 instrument controller was used toudy the polymer thenal behawor. The
instrument was calibrated with melting transitions of decane and indium. Samples were
heatedunder N atmosphere at a heating rate of 10 °C/min. Tlognanmetric analyses

were also obtained on same instrument. The temperature was calibrated witbrighe
transitions of Perkalloy and Nicoseal and were obtained at a heating rate of 20 °C/min
under N. Ruthenium content analyses were performed by Galbieboratories, Inc.,
Knoxville, TN USA.

Preparation of 5,5'- dibromomegtene2,2' bipyridine ligand (scheme 1)

5,5'-dimethyl-2,2"' bipyridind2). 211 g (2.27 mol) of freshly diled 3-picoline () and

10 g of 10% weight @lladium on activated chon were refluxed for 72 hrs, followed by
the addition of 100 ml of hot benzene were added and further refluxing for ¥2 hr. The
catalyst was filteredff while still hot, then the volume of the filtrate was reduced to half
and kept at 4°C overnight. The resulting white crystalline precipitate was filoéfrechd
recrystallizedfrom ethanol. Yeld : 7.2 g (51%lit. 1.4 g/g of 10% wt Pd/C). m.p. 115°C

(lit. 114-115°C) (16)

'H NMR (CDCL, & in ppm)&: 8.39 (s, 2H, H6), 8.17 (d, 2H, H3), 7.49 (t, 2H, H4), 2.25
(s, 6H, CH3). IR (KBr pllets,v in cm®) v : 3050 (s, sharp, arom C-H str), 2965 (m,
sharp,aliph C-H str), 1991-1677 (m, broad, arom overtone bands), 1590 (s, sharp, C=C
ring str), 1363 (s, sharp, arom C-N str), 1119-1021 (m, slaigh C-H in plane bend),

725 (s, sharp, arom C-H out-of-plane bend). MS-EI maa& (%) 184 (100), 169 (7),

156 (12).

5,5'-dibromometyilene2,2" bipyridine (3). 3.00 g (16.3 mmol) of 5,5Htethyl2,2'
bipyridine @) were dissolved in 35 ml of dry benzene under,athosphere anf.10 g

(34.3 mmol) of N-bromostcinimide and184 mg of benzoyl peroxide were added to
while stirring. The eaction mixture was then refluxédr 4 hrs. The redting yellowish
solution was cooled slowly to roomemperature, and the solvent was removed using a
rotary evaporator. The tdined residual solid was gepesly washed with ater, dried

and twice recrystallizeftom ethanol. Yeld: 2.51 g (45%) m.p. 174-176°C

'H NMR (CDCL, & in ppm) & : 8.70 (s, 2H, H6), 8.42 (d, 2H, H3), 7.87 (g, 2H, H4),
4.55 (s, 4H, CH. IR (KBr pellets,v in cm®) v : 3010 (m, sharp, arom C-H str), 2965 (m,
sharp,aliph C-H str), 1954-1751 (m, broad, arom overtone bands), 1587 (s, sharp, C=C
ring str), 1376 (s, sharp, arom C-N str), 1247 (s, sharp, C-Br str), 1197-1019 (m, sharp,
aliph C-H in plane bend), 736 (s, sharp, arom C-H out-of-plane bend), 646-560 (m, sharp,
C-Br bend). MS-EI moden/z (%) 182 (100), 261 (88.2), 342 (13.3).
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Crosslinking of 5,5-dibromometlene2,2' bipyridine 8) to (N-vinylcarbazole-
vinylalcohol) copolymer(4). 0.21 g (0.88 mmol) of copolymer (N-vilmarbazole-
vinylalcohol) @) were dissolved in 15 ml of drietrenydrofuran under a Natmosphere
and the reaction flask kept cooled in an ice bath. After complete dissolution of the
copolymer, 2 ml of butjithium (2M in pentane) were added and the resulting solution
stirred for 15 min. 0.15 g (0.44 mmol) of 5,5-dibramethylene-2,2' bipyridine3j in 10

ml of tetrdhydrofuran were then added dropwise and #ection mixture left stirring at
roomtemperaturdor 3 hrs. The volume of the tdined solution was then reduced to half
using a rotary evaporator and the produ&cppitatedfrom methanol and vacuum dried.
Yield. 275 mg (91%)

'H NMR (CDCL, & in ppm)&: 9.20-7.10 (br, 22H, arom), 4.80-5.29 (br, CH-N, chain),
3.37-3.78 (br, CHarom), 2.10-2.42 (br, CHaliph chain), 1.34 (br, 1H, OH).

IR (KBr pellets,v in cm') v : 3341 (m, weak shoulder, OH str), 3038 (m, sharp, arom C-
H str), 2907 (m, sharpaliph C-H str), 1880-1694 (m, arom overtone bands), 1589 (s,
sharp, C=C ring str), 1324 (s, sharp, arom C-N str), 1150-1117 (m, stigtp,in plane
bend), 1084 (m, sharp, C-O-C str), 732 (s, sharp, arom C-H out-of-plane bend).

Attachment of ruthenium moiety to thepolymer (5). 0.19 g (0.38 mmol) of bis-2,2'
bipyridine ruthenium dichloride and 0.25 g (0.38 mmol) of the crosslinked copolyner (
in 30 ml of reagent grade ethylene glycol were heated to refider a Iy atmosphere for

2 hrs. The reaction mixture was allowed to cootdom temperature in whic.90 g (6.2
mmol) of potassium hexafluorophosih in 15 ml of water were addg@oducing an
orange precipitate, which was filteredf and generously washed withater, then with
isopropyl alcohol, and dried. The polymer was then dekhextracted with
tetrehydrofuran and, after conceating the volume of the solution, the product was
precipitated by the addition of diethyl ether and vacuum dried. Y18@:mg (35%).

IR (KBr pellets,v in cm®) v : 3419 (m, weak shoulder, OH str), 3032 (m, sharp, arom C-
H str), 2956 (m, shar@liph C-H str), 1890-1730 (m, broad, arom overtone bands), 1598
(s, sharp, C=C ring str), 1447 (m, sharp, arom C-N str), 1097 (s, broad, C-O-C str), 722
(s, sharp, arom out-of-plane bend). UV-Vis @MF) A _: 292 nm §¢=11625 mol g
cm?), 454 nm ¢= 1805 mol g cm?).

Results and discussion

Bis-2,2' bipyridine ruthenium dichloride Ru(bp®),, with minor modifcation to the
method of Meyer (17), and (N-vilgarbazole-vinylalohol) copolymer of (x:y:20:80)
composition and with Mw=198,300 and Mw/Mn=1.35 weré¢aaied as indicated i(i8).
5,5'-dibromanethylene-2,2' bipyridine ligand3)X was prepared in a two-step reaction



139

with an overall yield(48%) as otlined in scheme 15,5-dmethyt2,2" bipyridine was
obtainedfrom the coupling @action of3-picoline catalyzed by the palladium on activated
carbon as previously described (16). 5j5ethyl2,2' bipyridine ) was then converted
to the dibromo product3] by reaction with Noromoswecimide in benzene using
benzoyl peroxide as a radl initiator. Both products were corgtely characterized by
'H NMR, FT-IR and mass sgtrometry. The'H NMR of 5,5'-dmethyl2,2' bipyridine
revealed singlet methyprotons at 2.25 ppm along with the cdheteristic aromatic
bipyridine protons, which, when bronated as in the5,5-dibromaenethylene- 2,2
bipyridine ), shifted downfield at4.55 ppm. FT-IR analysis also icdted all of the
characteristic vibrational peaks of bgtloducts, in pdicular 5,5'-dibromanethylene-2,2'
bipyridine reealed absrptions at 1247 cihand 646-560 cih corresponding to C-Br
stretching and bending respectively. The etectimpact mass spectrum of thg5'-
dibromamethylene-2,2' bipyridine3] ligand revealed the lack of polysubstitutethrdmo

or tribromo byproduct impities from the radtal reaction that would have obscured the
facile reognition of the desired ligand peaks, and indicated the presence of three main
intense peaks centered at (n342), M/z=261) and in/z=182) corresponding to the
parent molar mass of 5,5'-dibromethylene-2,2" bipyridine nkecular ion and the molar
mass of the molecular ions after loss of the first andreebromine ion, regztively.

CH2Br

CHa —4H,C— CH +—a-—{—Hzc—<|:H +
l S Pd1o%onc _NBS, BPO_
N 72 hrs, reflux Benzene xy =20 80
= N = N
CH2Br

i. BuLi, THF, 0°C (4)
ii. 3).

i. Ru(bpy)2Cly, ethyiene glycol,
reflux, 3 hrs. ii. KPFq (aq)

—H*zC CH 12 —‘r-HzC-‘fH + —f-Hzc-(le += ——{—Hzc—?H +
N (o]
I
CH,
%w .
N LN
()]
Z A N
x ~ |
?"z o
" Lo )y ?
—fH,C- ¢H +=—H,C-C ——[ HaC-CH4—2—H,C-CH 4

Scheme 1. Synthesis of the partially crosslinked (N-vinylcarbazole-vinylalcohol) ruthenium
(II) containing copolymer (6)
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As in common in functionalized polymer reactior{d9), the eactive hydroxyl
functionality of the opolymer @) was activated with BuLi and subsequently reacted with
the 5,5'-dibrommethylene-2,2" bipyridine ligand3 scheme 1. The resulting partially
crossslinked polymer5f was soluble only in high boiling point polar solvents such as
ethylene glycol, dimethylstdxide, and pyridine. Conversely, aftereacting with
Ru(bpy)Cl,, the resulting bulky, ionic Ru (Il) céamining opolymer 6) was readily
soluble in most common organic solvents. This improved 8djulproperty hasallowed

the facile thin film formation of the polymer as well as its full characterization by
conventional analycal mehods. The ruthenium content of the copolymer was found to
be 4.3 % by theelemental analysis whichoresponds to 50% of maximum thetcal
loading.

The cyclic voltammgram of the copolymer6] containing the Ryll) metal complex as
shown in (figure 1 (top)), realed three reversible one-ekect redwetion peaks at -1.30,
-1.47, and -1.58 V (vs. SCE), corresponding to the aiolos of the bipyridine ligands;
the third reduction peak is broadened duel&xtode passiation by the adsorption of the
twice-reduced (per Ru) polymer onto the aud of the elecbde as previously seen in
similar systems(20). A reversible onelecton oxidation wave at 1.18 V was also
observed for the Ru(Il)/Ru(lll) couple.
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Figure 1. Cyclic voltammogram of copolymer (6) in DMF/N,; 0.1M TBAPF; scan rate
100V/s Pt. disc. (Top), Absorption (solid lines) and emission spectrum (dotted lines) of
the same copolymer (6) in DMF (bottom).

The UV-vis spectrum exhibits mainly the characteristic features of rutheniumypily!
compounds. It rezaled two bands centered 2860 nm and 454 nm which are to be
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attributed to kpyridine ligand et transition and metal-to-ligand charge transfer
transition (MLCT) respectively. The polymer also emittecb®® nm upon eottation of

the maximum absorption at 400 nm as shown in (figure 1 (bottom)). Toatealhe
thermal stability of polymers6}, (5) and @), thermograwmetric analyses were carried

out under N atmospherefrom ambient temperature up to the total degradation
temperature of the polymers at a heating rate of 20 °C /min. Two successive degradation
stages were observed, the first beginning at 300 °C and the second at 450 °C due to the
relative rigidity of the polymer b&bone arising from the nitiple presence of aromatic

rings and the ionic bulky Ru(linetal center. In all cases, (seg@lte 2) the weight loss

was 10% at about 250 °C, and there were differences in thedtssngor the polymers

in terms of degradation onset temperatures depengmog the difference of e@mical
structure of the polymer backbone. For the DSC thermograms, there werdectable
thermal transitions and the polymers decompos$erée¢heymelt.
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Figure 2. Thermogravimetric analysis (TGA) of copolymers (4), (§), and (6) under N,
atmosphere, heating rate 20°C/min.

Conclusion

We have synthesized and characterizedel difunctionalized diimine ligand and easily
incorpolated it to a polpyridyl ruthenium etity. Electrochemical and elaciic
absorption spectroscopy results both confirm thealst attachment of the ruthenium
moiety into the polymer b&bone. The resdting partially crosslinked @polymer not only

has an excellent thermal stability but apgomising electro and opticaropeties making

it potential transition metal mediated electroluminescent device. The electroluminescence
studies of this copolymer are in progress antlbe reported in future.
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