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ABSTRACT

A novel diimine ligand, 2-(2-pyridyl) 4-carboxyquinoline (pcq)
and its corresponding polypyridyl Ru(Il) complex were synthe-
sized, characterized, and covalently attached to a carbazole based
copolymer via post polymer modification. The resulting modi-
fied electroactive and multi-chromophoric polymer was readily
characterized by UV-visible, FT-IR, differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), and ele-
mental and electrochemical analysis. Results from cyclic
voltammetry and FT-IR analysis both confirmed the covalent
attachment of redox active Ru(Il) center into the polymer. The
emission spectrum of the copolymer, in comparison to that of
Ru(Il) complex, demonstrated that the excited-state properties of
the metal complex is maintained, in contrast to the electronic
absorption spectrum, which is sensitive to the hydrophobic poly-
meric chain surrounding the redox sites. The thermal analysis
suggested that this metallopolymer also possesses high thermal
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stability. The ruthenium content was also found to be 7%, which
corresponds to 80% of the maximum loading, by elemental
analysis.

INTRODUCTION

Transition-metal containing polymers are currently receiving much
research attention due to their unique combination of the optical and electronic
characteristics of transition metal complexes with structural and morphological
properties typical of polymers [1]. These characteristics include their response
to electric and magnetic fields, redox and catalytic properties, thermal and
mechanical stability and enhanced processability. In particular, polymeric lig-
ands containing Ru(bpy),” moieties are now attracting special research focus
because of their potential application in chemically modified electrodes [2],
photocatalysis in solar energy conversion [3], photoresponsive polymers based
on photochemical electron transfer [4], photorefractive [5], and electronically
conductive polymers [6].

One of the obvious objectives of metal ion incorporation into the poly-
mers is to modify the essential bulk properties of these polymers with regard
to possible practical application. The interaction of the metal moieties with the
organic polymeric material introduces the possibility of application towards
electroluminescent (EL) devices, a field demanding in-depth academic and
industrial research. Although electrogenerated chemiluminescene (ECL) of
both transition metal complexes and organic materials has been known for a
while [7], ECL studies of solid-state light-emitting devices based on thin film
ruthenium (II) complexes have only been recently demonstrated [8].
Relatively little investigation [9] into the application of conventional organic
polymeric light-emitting diodes (LEDs) incorporating transition metal com-
plexes has been reported. Thus, we have been investigating a new class of
organic molecular conductors covalently bound to polypyridyl ruthenium(II)
luminophores as basis of transition-metal mediated electroluminescent
devices [10].

In this contribution, we describe the synthesis and characterization of a
multifunctional one-component electroactive copolymer comprising of carbazole
chromophore moieties covalently bound to a polypyridyl ruthenium (II)
luminophore (I) for possible future application in light-emitting devices.
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EXPERIMENTAL

Methods and Materials

All reagents were obtained from Aldrich Chemicals, Canada, except for
tetrabutylammonium hexafluorophosphate and azo-bisisobutyronitrile (AIBN),
which were obtained from Fluka Inc. and Alfa Aesar, Johnson Mathey Company,
MA, respectively. Reagent grade solvents were obtained from BDH. Benzene,
toluene, and THF were refluxed over sodium/potassium alloy in the presence of
benzophenone until the characteristic blue color of the benzophenone radical
anion was present and then distilled. Azo-bisisobutyronitrile (AIBN) and N-
vinylcarbazole were recrystallized from methanol and dried in vacuum. Vinyl
acetate was freshly distilled under a N, atmosphere prior to use. Electrochemical
solvents were freshly distilled over P,O5 under an inert atmosphere and elec-
trolytes were twice recrystallized from absolute ethanol and were dried in vac-
uum. All other chemicals were used as received. cis-Ru(bpy),Cl, xH,O was pre-
pared as described in [11].

Infrared spectra were recorded as KBr pellets with Mattson 3000 Fourier
Transform Infrared Spectrophotometer. 'H and *C NMR spectra were obtained
on a Bruker ARX 400 MHz Nuclear Magnetic Resonance Spectrometer in an
appropriate solvent using tetramethylsilane as an internal standard. Electronic
spectroscopy was performed using a Hewlett-Packard 8452 diode array spec-
trophotometer. Mass spectrometry was carried out using a Kratos 902 high-
resolution mass spectrometer. Fluorimetry experiments were conducted in a
Shimadzu RF 551 spectrophotometer on argon deoxygenated samples.
Electrospray mass spectrometry was obtained with a Sciex TAGA 6000E
MS/MS system in 10 pM sample solution in acetonitrile. Electrochemistry
experiments were performed using a Princeton Applied Research Corp. 263
Potentiostat, with tetrabutylammonium hexafluorophosphate (TBAPF,) as the



Downl oaded At: 12:30 24 January 2011

1510 FARAH ET AL.

supporting electrolyte. Gel Permeation Chromatography (GPC) experiments
were carried out in THF (1ml/min) using microstyragel columns with pore sizes
of 10°-10° A (Waters) equipped with a dual detection system consisting of a
differential refractometer (Waters model 410) and differential viscosimeter
(Viscotek model H502). The molar masses were referenced to a polystyrene cal-
ibration curve. A Perkin Elmer DSC7 equipped with TAC7 instrument controller
was used to study polymer thermal behavior. For DSC experiments, the in-
strument was calibrated with melting transitions of decane and indium, and
samples were heated under N, atmosphere at a heating rate of 10°C/min.
Thermogravimetric analyses were also obtained on the same instrument TGA7
and the temperature was calibrated with the curie transitions of Perkalloy and
Nicoseal. Thermograms were obtained at a heating rate of 20°C/min under N,
atmosphere. Galbraith Laboratories, Inc., Knoxville, TN performed elemental
analyses.

Copolymer Preparations (Scheme 1)
Copolymer (N-vinylcarbazole-vinyl acetate) (3) [12]

100 ml of dry benzene were placed into a three-neck round-bottom flask
equipped with a nitrogen inlet and reflux condenser in subdued light. After
nitrogen gas was passed through the benzene for ~1.5 hours, 20 g (0.10 mol) of
N-vinylcarbazole (1) and 44.6 g (0.520 mol) of vinyl acetate (2) were added and
the mixture was stirred to dissolve the reagents. 154 mg of 2,2'-azobis-isobuty
ronitrile (AIBN) (0.15% of total mol) were added and the reaction mixture was
allowed to react at 65-70°C with stirring for 48 hours. The resulting viscous
solution was precipitated by the addition of 600 ml of methanol. The isolated
polymer was further purified by two subsequent precipitations from chloroform
using methanol, and the white polymer was dried in vacuum. Yield. 17.5 g
(63%)

'H NMR (CDCl,, & in ppm) &: 8.11-7.23 (br, 8H, aromatic), 4.2-4.7 (br,
2H, CH), 1.98 (br, 2H, CH,), 1,41 (br, 3H, CH,). °C NMR (CDCl,,  in ppm) &:
170.41 (C=0), 140.41, 137.94, 125.53, 123.93, 122.44, 120.29, 119.15, 110.66,
108.48, 67.99, 66.36, 49.02, 38.62, 20.97. IR (KBr pellets, v in cm™) 3050 (m,
sharp, arom C-H str), 2928 (m, sharp, aliph C-H str), 2100-2010 (w, shoulder,
arom overtone), 1736 (s, sharp, C=0 ester str), 1593 (m, sharp, C=C arom ring
str), 1447 (s, sharp, C=C arom ring str), 1326 (s, broad, arom C-H str), 745 (s,
sharp, C-H bend), 740 (s, sharp, C=C out of plane). GPC: Mw:205,700,
Mw/Mn:1.27
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Copolymer (N-vinylcarbazole-vinylalcohol) (4)

16.0 g of (N-vinylcarbazole-vinylacetate) (3) were dissolved in 300 ml of
tetrahydrofuran (THF) and 75 ml of 1.0 N methanolic solution of sodium hydrox-
ide was added in subdued light. The reaction mixture was then stirred for 4 hrs at
60°C, and the resulting viscous solution was then precipitated by the addition of
800 ml of methanol. The desired polymeric material (4) was further purified by
two subsequent precipitations from THF solution into diethyl ether. Yield: 11.0 g
(81%).

'H NMR (DMSO-d,, & in ppm) &: 7.99-6.71 (br, 8H, aromatic), 3.8-4.7
(br, 2H, CH), 2.22 (br, 2H, CH,), 1,38 (H, OH). °C NMR (DMSO-d,, & in ppm)
0: 140.33, 137.76, 125.37, 123.18, 121.66, 120.31, 118.32, 111.61, 108.7, 67.07,
65.88, 40.07, 25.14. IR (KBr pellets, v in cm-1) 3350 (m, broad shoulder, O-H
str), 3048 (m, sharp, arom C-H str), 2915 (m, sharp, aliph C-H str), 1593 (m,
sharp, C=C ring str), 1448 (s, sharp, C=C str), 1324 (m, sharp, arom N-H str),
718 (s, sharp, arom C-H out of plane bend), 714 (s, sharp, C=C out of plane
bend). GPC: Mw:198,300, Mw/Mn:1.35 Copolymer (N-vinylcarbazole-vinyl-4-
oxy-n-butanol) (5) 1.07 g (4.50 mmol) of (N-vinylcarbazole-vinylalcohol) (4),
(1.86 g, 140 mmol) of anhydrous potassium carbonate, (0.73 g, 6.80 mmol) of 4-
chloro-1-butanol and (0.11 g, 0.68 mmol) of potassium iodide were dissolved in
25 ml of reagent grade DMF under N, and left refluxing for 20 hours. The result-
ing solution was cooled down to room temperature, diluted with 30 ml of H,O,
stirred and filtered. The volume of the filtrate was concentrated to 20 ml and the
product was precipitated by the addition of methanol. The polymer (5) was then
purified by two subsequent precipitations from the THF solution to diethyl ether
and vacuum dried. Yield: 1.02 g (75%)

'H NMR ( DMSO-d,, & in ppm) &: 7.99-7.11 (br, 8H, aromatic), 3.67-
4.37 (br, 2H, CH), 3.34-3.40 (m, 4H, OCH,), 1.59-2.89 (m, 12H, CH, chain),
1.37 (H, OH). IR (KBr pellets, v in cm™) 3382 (m, broad shoulder, O-H str),
3050 (m, sharp, arom C-H str), 2928 (m, broad, alph C-H str), 1885 (w, broad,
arom overtone), 1482 (s, sharp, C=C ring str), 1326 (s, sharp, in-plane OH bend),
1122 (m, sharp, asym C-O-C str), 749 (s, sharp, out-of plane arom C-H bend),
GPC: Mw:190,450, Mw/Mn:1.36

Ligand preparation (Scheme 2)
2-(2-pyridyl) 4-carboxyquinoline Sodium Salt (8) [13]

18 g (0.12 mol) of (2,3-indolinedione) (6) and 15 g (0.12 mol) of 2-
acetylpyridine (7) were thoroughly mixed for ~30 minutes in a 500 ml beaker. 60
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g (~60 ml) of 33% NaOH were added at 5°C with stirring. The solution was
stirred until the contents began to harden and the temperature rose spontaneously
to ~60°C. 60 ml of ice water were then added to the flask content resulting in a
purple-red slurry. The slurry was allowed to cool to room temperature and was
filtered. The solid was initially washed with water and further purified by a gen-
erous washing with acetone and decolorized by addition of NORIT activated car-
bon. Upon filtering the solid was repeatedly recrystallized from water until light-
purple shining crystals were obtained. Yield: 18 g (67%)

'H NMR ( DMSO-d,, & in ppm) &: 8.99 (s, H3 of quinoline), 8.78 (d,H12
of pyridine), 8.76 (d, H5 of quinoline), 8.62 (d, H9 of pyridine), 8.21 (d, H8 of
quinoline), 8.05 (t, H10 pyridine), 7.88 (t,H7 of quinoline), 7.75 (t, H6 of quino-
line), 7.56 (t, H11 of quinoline) . IR (KBr pellets, v in cm™). 3478 (w, shoulder,
O-H str), 2064 (w, broad, arom overtone), 1695 (s, sharp, C=0 str), 1586 (m,
sharp, C=C ring str), 1476 (m, sharp, C=C ring str), 1283 (s, sharp, C-O str), 758
(s, sharp, C-H out of plane bend).

2-(2-pyridyl) 4-carboxyquinolic Acid (pcq) (9)

17 g (68 mmol) of 2-(2-pyridyl)-4-carboxyquinoline sodium salt (8) were
dissolved in 300 ml of distilled water and titrated while stirring vigorously with
a 10% HCI (aq.) solution to a stable pH of 7. The resulting brownish precipitate
was filtered and air-dried. It was then pulverized and vacuum dried. Yield: 14 g
(87%). decomp. >300 °C.

'H NMR (DMSO-dq, & in ppm) &: 8.99 (s, H3 of quinoline), 8.78 (d, H12
of pyridine), 8.76 (d, H5 of quinoline), 8.62 (d, H9 of pyridine), 8.21 (d, H8 of
quinoline), 8.05 (t, H10 pyridine), 7.88 (t, H7 of quinoline), 7.75 (t, H6 of quino-
line), 7.56 (t, H11 of quinoline). °C NMR (DMSO-d,, 8 in ppm) :167.62, 155.20,
154.45, 149.49, 148.22, 137.59, 137.39, 130.24, 129.95, 128.37, 125.67, 125.05,
124.60, 121.08. 119.27. IR (KBr pellets, v in cm'l). 3478 (w, broad, O-H str),
2064 (w, broad, arom overtone), 1695 (s, sharp, C=0 str), 1586 (m, sharp, C=C
ring str), 1476 (m, sharp, C=C ring str), 1283 (s, sharp, C-O str), 758 (s, sharp,
C-H out of plane bend). EI-MS (m/z) (%). 250 (55), 206 (100).

Ru(bpy),(2-pyridyl) 4-carboxyquinolinic Acid Ruf(bpy),(pcq)]”" (11)
(Scheme 3)

0.35 g (0.72 mmol) of cis-Ru(bpy),Cl, xH,O (10) were dissolved in 15
ml of methanol. 0.25 g (1.44 mmol) of AgNO, were added to the dissolved sub-
strate and the solution was left stirring for 2 hours at room temperature. The
resulting white precipitate was then filtered off and 0.18 g (0.72 mmol) of 2-(2-
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pyridyl) 4-carboxyquinolic acid (9) in 10 ml of methanol were added to the fil-
trate which was then left to reflux for 16 hourrs. The solvent was then removed
using a rotary evaporator and the resulting dark-red product was purified by col-
umn chromatography (alumina) using chloroform:methanol (1:1) as the eluant.
Yield. 0.20 g (38%).

'H NMR (DMSO-d,, & in ppm) &: 8.64 (s, H3, quinoline), 8.42 (d, H5,
quinoline), 7.56 (q, H6, quinoline), 7.21 (t, H7, quinoline), 7.48 (q, H8, quino-
line), 7.47 (q, H9, quinoline), 8.00 (t, H10, quinoline), 7.48 (q, H11, quinoline),
8.18 (m, H12, quinoline), 8.80 (d, H13, bpy), 8.20 (t in m, H14, bpy), 7.50 (t in
m, H15, bpy), 7.74(d, H16, bpy), 8.20(d in m, H17, bpy), 7.40(t in m, H18, bpy),
8.20 (t in m, H19, bpy), 8.50 (d, H20, bpy), 7.84 (d, H21, bpy), 7.60 (t in m, H22,
bpy), 8.20 (t in m, H23, bpy), 8.93 (d, H24, bpy), 8,59 (d, H25, bpy), 7.60 (t in m,
H26, bpy), 8.20 (t in m, H27, bpy), 8.81(d, H28, bpy). IR (KBr pellets, v in
cm'l). 3407 (m, broad shoulder, O-H str), 3066 (m, broad, arom C-H str), 1607 (s,
sharp, C=0 str), 1382 (s, sharp, C-O str), 767 (m, sharp, out-of-plane C-H bend).
UV-Vis (DMF) €,,,,:.290 (¢=53381 mol” L cm™), 440 (10163 mol”' L cm™) and
504 nm (€=9627 mol" L cm™). ES-MS. C;;H,N,O,Ru(II). 329.0, 329.5, 330.0,
330.5, 331.0, 331.5, 332.0, 332.5, 333.0, 333.5, 334.0

Covalent Attachment of Ru[(bpy),(pcq)]’" (11) to (N-vinylcarbazole-vinyl-4-
oxy-n-butanol) Copolymer (5) (Scheme 3)

0.12 g (0.16 mmol) of Ru[(bpy)z(pcq)]2+ (11) were dissolved in 15 ml of
thionyl chloride containing a catalytic amount of DMF. The reaction was allowed
to reflux with constant stirring under nitrogen for ~ 3 hours. Following removal
of the excess thionyl chloride, the obtained solid material was reacted in situ by
refluxing it with 24.50 mg (0.36 mmol) of imidazole in 10 ml of dry toluene for
1 hour. After cooling to room temperature the solvent was removed under vac-
uum. 73.40 mg (0.25 mmol) of (N-vinylcarbazole-vinyl-4-oxy-n-butanol) (5) in
15 ml of DMF were added and the reaction mixture refluxed with constant stir-
ring for 3 hours. The mixture was allowed to cool slowly to room temperature,
then a ten fold excess of aqueous potassium hexafluorophosphate was added pro-
ducing an orange precipitate which was filtered and washed generously with
water, methanol and finally dissolved in THF and precipitated by addition of
methanol. The resulting polymeric (I) product was dried under vacuum. Yield. 20
mg (11%)

IR (KBr pellets, v in cm'l) 3086 (w, broad, arom C-H str), 2929 (w, broad,
aliph C-H str), 1999 (w, broad, arom, arom overtone), 1713 (s, sharp, C=0 ester
str), 1255 (s, broad, arom C-N str), 831 (s, broad, out-of-plane arom C-H str), 763
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(s, sharp, ring C=C out-of-plane bend) UV-Vis (DMF) €_,.: 292 (e=17182 mol”
L cm’), 458 nm (e=3682 mol”' L cm™).

RESULTS AND DISCUSSION

Reactions Schemes and Characterizations
Copolymer Synthesis

There are two popular approaches towards synthesizing new polymeric
materials in which the ruthenium complex is covalently bound to the polymer
chain. The first approach, involves the synthesis of polymers bearing the
bipyridyl type ligands, followed by coordination of the transition metal com-
plexes [14]. The second one, involves the synthesis of monomers containing
ionic transition metal complexes following the polymerization/or copolymeriza-
tion with related monomers [9(b), 15]. We have chosen an alternative method
based on post-polymer modifications, in which chemically active functional
polymers were reacted with well-characterized ionic ruthenium complexes
through common polymeric reactions [16].

The design of our polymers starts with poly (N-vinylcarbazole), because
of its good hole-conducting characteristics under applied electric field [17].
Poly(N-vinylcarbazole) homopolymer is, however, stiff and fragile substance and
copolymerization with suitable monomers, where applicable, could result in
materials with an enhanced film property [18]. Thus, we copolymerized 9-vinyl-
carbazole (1) with vinylacetate (2) in 1:5 monomer feed ratio in benzene under
N, atmosphere for 48 hours in subdued light using AIBN as a radical initiator
(Scheme 1). The resulting poly(N-vinylcarbazole-vinylacetate) (3) was hydro-
lyzed to poly(N-vinylcarbazole-vinylalcohol) (4) with methanolic potassium
hydroxide at 60°C for 4 hours. In order to allow the hydroxyl functionality of the
copolymer (4) to further react with sterically bulky transition metal complex
while maintaining copolymer integrity, we extended the functionality away from
the polymer chain by reacting the alcohol with 4-chloro-butanol, thus yielding
the copolymer (5).

Copolymers (3), (4), and (5) were characterized using “CNMR, 'HNMR,
FTIR and gel permeation chromatography (GPC). "C NMR of the copolymer (3)
revealed the presence of C=0 carbon at 170 ppm corresponding to carbonyl group
of the vinylacetate. In addition, signals in the range of 108-140 ppm characteristic
of aromatic carbons, corresponding to the carbazole moiety in the polymer chain,
were observed. For copolymers (4) and (5) no signals were detected at 170 ppm,



Downl oaded At: 12:30 24 January 2011

Ru(Il) POLYPYRIDYL-CARBAZOLE COPOLYMERS 1515

Benzene, AIBN
60 °C, 48 hours

0 ('%1 ° o (?:O

CHy @

Hzc=<|:H + HC=GH —{-HZC-(IzH—};Il—{-Hzc-(l‘,H-i-y

KOH, MeOH
45°C, 4 hrs

CI(CH,)4OH, DMF, K,CO3
—H,C-CHA—2—+H,C-CHt>  <—
2 & 2 ? y 45°C, 2 hrs

Scheme 1. Synthesis of the copolymers

—-{—HZC—lCH—]-)—(a—{—HZC-g:-}—y

@

which clearly supports the lack of ester functionality in the copolymers. It was
also found in the 'H NMR that these copolymers comprise 20:80 vinylcar-
bazole/vinylalcohol in composition. More interestingly, The 'H NMR of all
copolymers revealed broad overlapping peaks centered at 7.42-8.10 ppm for the
carbazole aromatic protons and 1.20-4.4 ppm for aliphatic chain protons with no
observable peaks at 5.0 ppm. This particular large upfield shift to 5.0 ppm of one
of the aromatic protons is generally attributed to the shielding effects of neighbor-
ing carbazole groups on the polymer chain with restricted internal rotation [19].
The absence of this peak presumably indicates that in our copolymers the car-
bazole chromophores are not in close proximity to one another. The FT-IR exhib-
ited an intense absorption at 1736 cm™ for copolymer (3) corresponding to C=0
ester stretch of the acetate group, which was no longer detected for copolymers (4)
and (5). FT-IR also confirmed the presence of the carbazole aromatic entity with
absorptions at 3050 cm™ characteristic of the aromatic C- H stretch, and broad
multiples centered at 2100-1950 cm™ corresponding to aromatic overtone bands.
An intense broad signal was also observed at 1320 cm™ for the C-N aromatic
stretch of the carbazole groups for all copolymers.

The average molar mass and the degree of polymerizations of these copoly-
mers were investigated by gel permeation chromatography (GPC). These analyses
showed that the copolymer (4) has M,, =198,000 and M,, =145,000, and for copoly-
mer (5) M,, =190,000 and M,, =137,000, which corresponds to a high average degree
of polymerization of approximately 600 monomer units for both copolymer [20].
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Ligand Synthesis

2-(2-pyridyl) 4-carboxyquinoline (PCQ) (9) was prepared from the reac-
tion of 2,3-indolinedione (6) and 2-acetylpyridine (7) [10] (Scheme 2). The two
reactants were stirred in the presence of concentrated aqueous sodium hydroxide
in a two-step reaction with an overall yield of 77% (Scheme 2). This acid ligand
(9) was characterized using 'H NMR, 'H-'H COSY, FT-IR and mass spectrome-
try. A first order spectrum was revealed in its 'H NMR where a pair of doublets
represented each proton and a distinguishable shift at 9.00 ppm was also
observed (Figure 1). The intense singlet peak at 9.00 ppm corresponds to the
uncoupled protons (H3) of quinoline. In addition, another eight protons corre-
sponding to the correct number of hydrogen atoms in the product (excluding the
acid proton) were observed. The FT-IR spectrum also indicated all characteristic
vibrational absorptions of the desired product. A weak OH stretch was observed
at 3470 cm’', as well as a strong C=0 absorption at 1695 cm™. The carbonyl
stretch of the acid ligand is relatively low in energy compared to the typically
reported values for aromatic carbonyls, however, it is characteristic of quinolic
systems [21].

The electron impact mass spectrum of 2-(2-pyridyl) 4-carboxyquinoline
(PCQ) (9) is shown in Figure 2. This spectrum reveals two major features. First,
the lack of large background from the presence of impurities which would have
obscured the facile recognition of the ligand peaks, and secondly, the presence of
two main intense peaks at (m/z = 250) and (m/z = 206) which correspond to the
parent molar mass of the 2-(2-pyridyl) 4-carboxyquinoline (PCQ) ligand and the
molar mass of the molecular ion after loss of CO,, respectively.

Ru[(bpy)z(pcq)]2+ Complex Synthesis

The ruthenium complex containing the 2-(2-pyridyl) 4-carboxyquinoline
(PCQ) ligand Ru[(bpy),(pcq)]>" (11) was prepared in two-step reaction with an
overall yield (38%) as shown in (scheme 3). cis-Ru(bpy),Cl, (10) was dissolved

O._ONa Oy OH
(e]
(;HS’O [ 4 4
+ = N il ~
f;l N O  33% NaOH (aq) N : N HCI (dil.) N | N
H N~ N~
(6) (7 8) 9

Scheme 2. Synthesis of 2-(2-pyridyl) 4-carboxyquinoline (pcq) ligand (9).
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Figure 1. '"HNMR and 'H -'H COSY of 2-(2-pyridyl) 4-Carboxyquinoline (PCQ)
ligand (9) in DMSO-d6.



Downl oaded At: 12:30 24 January 2011

1518 FARAH ET AL.

100 %

Relative Intensity (%)
=
i

=
- “ m
-] 7] 16 /]
a 2 m 'y % ®»
0— “‘1—"1—1—r—1
L] 100 150 )] 0 300
Mass

Figure 2. Electron impact mass spectrum of 2-(2-pyridyl) 4-Carboxyquinoline
(PCQ) ligand (9).

in methanol and reacted with AgNO,; in order to precipitate out AgCl. Upon
removal of the chloride ion, the solvated ruthenium species were then allowed to
react with 2-(2-pyridyl) 4-carboxyquinoline (pcq) acid ligand (9) for attachment.

The crude complex, after the removal of the solvent, was purified by col-
umn chromatography on alumina using a 1:1 mixture of chloroform: meth-anol
as an eluant.

The purified ruthenium complex (11) was analyzed and characterized
using the 'H NMR, “C NMR, 'H-'H COSY, FT-IR, electrospray mass spec-
trometry and ruthenium elemental analysis. 'H NMR and 'H-'H COSY spectra
indicated that the coordination of the acid ligand to the ruthenium center was
achieved Figure 3. Both spectra have the distinguishable signal appearing at
~9.00 ppm corresponding to the uncoupled (H3) proton of the acid ligand.
Furthermore, the number of protons assigned correspond to the correct number
of protons of the desired ruthenium complex, which clearly supports the suc-
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Figure 3. 'H NMR and 'H -'H COSY of Ru[(bpy),(pcq)]’" complex (11) in
DMSO-d6. (peak assignments see experimental part).
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cessful attachment of the ligand to the metal center. FT-IR spectroscopy pro-
vided further evidence of the incorporation of the ligand to the metal center. An
absorption band corresponding to the acid, C=O stretch at 1607 cm™, and a
broad shoulder O-H stretch at 3407 cm™ were detected. The electrospray mass
spectrum obtained in the positive-ion mode for the complex C;sH,,N,O,Ru (II)
(11) is illustrated in Figure 4. It gives a clean parent-ion envelope centered at
m/z 332, and it is obvious from the half-mass unit separation of the peaks in the
isotope pattern that it is a dication with a mass of 665 Daltons as expected. The
inset also shows that the agreement between the experimental and the calculated
isotopic distribution pattern is excellent, within (+1) Dalton supporting the
above assignment.

" oY)
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§ ? w5 — ‘I L | I .
& ms " = i -
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280
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Figure 4. Electrospray mass spectrum of Ru[(bpy),(pcq)]”” complex (11) in ace-
tonitrile. The inset shows the comparison between the observed traces and calcu-
lated (sticks) of isotopic distributions for the base peaks of the complex.
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Covalent Attachment of the Ru(II) Complex to the Copolymer

Ru[(bpy)z(pcq)]2+ complex (11) was converted to an acid chloride by
refluxing with thionyl chloride and then converted into the more reactive acylim-
idazole adduct as shown in Scheme 3. The acylimidazole complex adduct was
then reacted in situ with copolymer (5). The reaction progress was monitored by
FT-IR spectroscopy for the continuos decrease of the 3350 cm™ of O-H stretch-

S N l +2 /|
N NN *2 Os_OH
/N:;A _Cl|  AgNOyMeOH N | _MeoH .
‘Ru 2N,
My ARU,
AN | el AN meont | Moz T ]
X Ns P N \N 1 A
| _ ® N~
(10) MeOH, reflux, 16 hrs 9

KPFe (aq.)

an

imidazole, toluene, reflux, 1 hr

DMF
_.{_Hzc-lCH-]-iR—“{'HzC-?H‘]’; reflox 1 hr —l—HZC-ﬁZH’]—yR—H-IzC-(I:H-]T( +2
? ? N O (PFg)2
(CHa)g 3 O (CHa)s “
OH C/Elnj NPNo
~.N, u/N 4
®) AN ®
X N

Scheme 3. Synthesis of Ru[(bpy),(pcq)]”" complex (11) and its attachment to the
copolymer (5).
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ing absorption band of the copolymer, and subsequent formation of 1713 cm™ of
C=0, ester stretch in the final copolymer. The reaction product was then precip-
itated with a large excess of aqueous potassium hexafluorphosphate giving an
orange solid material, which is readily soluble in common organic laboratory sol-
vents. The ruthenium content of the copolymer was found to be 7.10% by ele-
mental analysis, which corresponds to 81% of the maximum theoretical amount.

Electrochemical, Thermal and Electronic Spectroscopic Analysis

Electrochemical studies of these ruthenium-containing compounds,
yielded unambiguous information about the ligand environment, and verified
the covalent attachment of the complex to the polymer main chain. For Ru[(bpy),
(peq)]” complex (11) three reversible reduction peaks at -1.28, -1.60, and -1.88 V,
corresponding to the reduction of the coordinated ligands, and a reversible
Ru(II)/(IIT) oxidation wave at 1.27 V were observed in DMF (all versus SCE) as
shown in Figure 5 The copolymer (I) exhibited two reversible ligand reduction

I 0.3pA/em

Cathodic waves
Anodic waves

Figure 5. Cyclic voltammograms of derivatized Ru(II) containing copolymer (I)
(top) and Ru[(bpy),(pcq)]”” complex (11) (bottom) in DMF/N,, 0.1 M TBAPF,,
Scan rate 100mV/s; Pt disc.
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peaks at -1.30, -1.60, and a reversible oxidation of the metal center at 1.33 V. The
third ligand reduction peak of the copolymer was broadened due to electrode pas-
sivation arising from the adsorption of the twice-reduced (per Ru) polymer as pre-
viously encountered in similar systems [22]. It is also reasonable that the
hydrophobic environment created by the high local concentration of the polymeric
chain may affect the redox behavior of Ru[(bpy),(pcq)]’" complex. In this poorly
solvated polymeric surrounding, the differences in solvation of electrochemically
generated radicals may create non-homogeneous sites along the polymer chain,
giving rise to the observed broadened waves in the voltammogram.

Carbazole itself, as an electroactive moiety [23], seems a major contributor
to the observed surface broadening waves in analogy to polymers having redox-
reversible pendant groups [24]. This has been attributed to various factors, such as
a difference in the spatial distribution of the redox centers [25], a distribution of
species with different redox potentials for the electroactive units [26], and repulsive
interactions [27], depending on the particular system. Once the electroactive
groups become coated onto the electrode surface, the possibility of further reaction
is reduced, making the material more insulating. The Ru[(bpy),(pcq)]’” complex
(11) shows well-defined oxidation/reduction waves which remain unchanged even
after multiple scans, but complete electro-inactivity is observed for the copolymer
in subsequent cycles due to electrode passivation. Nevertheless, the observed slight
variations in the values of the reduction and oxidation peaks between the
Ru[(bpy),(pcq)]”” complex and the copolymer may indicate interactions between
the electronic structures of the ruthenium complex and the copolymer as predicted.

Thermogravimetric (TGA) analyses were carried out under N, atmosphere
from ambient temperature to total degradation of the polymer. The TGA thermo-
grams revealed, as shown in Figure 6, multiple degradation processes, where the
onset of the first degradation process is around 240°C, the second at 375°C, the
third and the fourth at 475°C and 500°C, as can be seen from the differential curve
(dotted curve). This observed multiple degradation pattern presumably arises from
the relative rigidity of the polymer imparted by the high density of aromatic rings
and the bulk ionic Ru (II) center. The polymer demonstrated high thermal stability
with less than 3% weight loss at around 300°C. For the DSC thermograms, there
were no detectable thermal transitions as the polymers decompose before melting.

UV-vis spectra show some interesting features of the Ru[(bpy),(pcq)]’’
complex (11) and the copolymer (I) to which it is attached, as shown in Figure 7.
The absorption spectrum of the Ru[(bpy),(pcq)]’" (11) showed three bands. An
absorption around 290 nm is attributed to polypyridyl TT—T¥ transition, and two
metal-to-ligand charge transfer bands (MLCT) at 440 nm and 504 nm, respec-
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Figure 7. Absorption spectra of Ru[(bpy),(pcq)]”” complex (a) and copolymer (11) (b

tively, were also observed. We tentatively assigned the MLCT band centered at
440 nm to involve the bipyridine ligand and the band at 504 nm to the 2-(2-
pyridyl) 4-carboxyquinoline (pcq)] ligand, presumably red-shifted due to the
more extended Teelectron orbitals in this conjugated benzoid ring. In the copoly-
mer (I) the situation is different; the UV-vis spectrum showed that the ligand cen-
tered TI—Tt transition still exists at around 290 nm along with one broad MLCT
peak at around 458 nm. There may be two absorptions under the broad peak,
however, in a polymeric environment, it is difficult to assess. Preliminary ZINDO
calculations revealed a 494 nm MLCT transition, which we assigned to the 2-(2-
pyridyl) 4-carboxyquinoline (pcq) ligand, and a 457 nm MLCT transition
assigned to the bipyridine ligand in a very good agreement to UV-vis analysis.
These results suggest two important points. First, the ruthenium complex is
indeed incorporated into the polymer chain and second, more important, the
MLCT transition energy is lowered. The second point is crucially important not
only for designing these polymers for electroluminescent application with sys-
tems that undergo fast charge transfer process, but also in controlling the poly-
mers optical properties. The fluorimetric analysis of the complex and its polymer
after excitation at the maximum absorption peak of 400 nm, both displayed the
same emission peak centered at 655 nm.

CONCLUSION

In conclusion, we have successfully synthesized and fully characterized a
novel 2-(2-pyridyl) 4-carboxyquinoline (pcq) diimine ligand and easily incorpo-
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rated it onto a polypyridyl ruthenium entity. Furthermore, we have demonstrated
its covalent attachment via post-polymer modification to poly(N-vinylcarbazole-
vinyl alcohol) copolymer. The resulting multifunctional derivatized copolymer
shows interesting electrochemical, thermal and optical properties making it a
potential candidate for electroluminescent (EL), transition metal mediated, poly-
meric based devices. The electroluminescence studies of this copolymer are in
progress and will be reported shortly.
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