6254

Chem. Mater. 2008, 20, 6254-6262

Synthesis and Characterization of a Novel Vinyl-2,2'-bipyridine
Monomer and Its Homopolymeric/Copolymeric Metal Complexes
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Novel hybrid materials, based on polymeric ruthenium complexes, have been synthesized and
characterized. The preparation of a new vinylic tris(bipyridine)ruthenium complex in high yields enabled
the synthesis of soluble polymeric materials with high metal loading, using a controlled polymerization
technique such as atom transfer radical polymerization. Moreover, combination of this monomeric complex
with other monomers, known for their electron or hole transporting properties, led to soluble copolymers
of various desired ruthenium loadings. Characterization of the synthesized polymers and copolymers
was performed using NMR, SEC, and viscometry. The polymer—metal hybrid materials’ optical properties
were studied in detail through UV —vis and photoluminescence spectroscopies, showing the [Ru"(bpy)s]
complexes’ intense optoelectronic characteristics, also in combination with the optical properties of the
oxadiazole or carbazole units in the copolymer case.

Introduction

The introduction of metal—ligand bonding into polymers
brings novel and potentially useful physical and chemical
properties to the final polymeric complexes.' > These
properties arise from the combination of both the metal ion
(oxidoreductive, optoelectronic, catalytic) and the polymers’
characteristics (processability, mechanical strength, thin film
formation, etc.). The incorporation of metal binding sites into
polymers can be performed either along the main chain®~ "’
or as side group functionalities.'*”?*> To enable metal
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complexation, bidentate and tridentate ligands such as 2,2'-
bipyridine (bpy) and 2,2":6',2" -terpyridine (tpy) are mainly
used, as well as some nitrogen-containing heterocycles,’
through which the introduction of various transition-metal
ions such as Fe(Il), Cu(II), Os(II), Ir(I), and Ru(II) can be
achieved.!>>6:8:22728 Among these ions, ruthenium(Il) is the
most promising for the creation of polymeric metal com-
plexes, since it allows the direct synthesis of both symmetric
and nonsymmetric, stable systems.?? ! Moreover, ruthenium
complexes of bipyridine ligands are considered ideal for
optoelectronics in comparison to terpyridine ligands, since
they present fine absorption properties and higher lumines-
cence and charge transport efficiency.'**?

In particular, tpy—Ru(II)—tpy complexes have been ex-
tensively used as main chain polymeric functionalities for
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the creation of coordination polymers. Terpyridine end-
functionalized oligomers or well-defined polymeric chains
that are afterward linked together through metal—ligand
coordination bonding, forming supramolecular block co-
polymers, have mainly been reported by the group of
Schubert.®~%!7-'¥ Tn addition, preformed block copolymers
produced by controlled polymerization techniques that are
being postmodified with side tpy—Ru(Il)—tpy complexes
have been synthesized and extensively studied by Tew’s
group.'*?%3? Tnitially, low metal loadings were reported, to
ensure the solubility of the final hybrid material. This
methodology was later extended to copolymers with higher
metal loadings, using alkyl-tail-functionalized terpyridines,
which further increased their solubility and self-organiza-
tional ability.'*?® In another approach, our group reported
on the synthesis of soluble homopolymers bearing side chain
tpy—Ru(Il)—tpy moieties. Atom transfer radical polymeri-
zation (ATRP) of a tpy-containing vinylic monomer and the
subsequent complexation, using alkoxy-decorated tpy—Ru(II)
monocomplexes, resulted in highly metal loaded soluble
homopolymers.*-* All the above-mentioned approaches are
mainly based on tpy ligands, and the solubility was assured
either by low metal loadings'*"'* or by the use of aliphatic
units either as spacers or as decorating tails.*’

As far as the ruthenium tris(bipyridine), [RuH(bpy)3]2+,
coordination polymeric complexes are concerned, various
attempts have also been described. Polymers and copolymers
with main or side chain [Ru”(bpy)s]*" units and their
possible applications in optoelectronics have been report-
ed.!~3121720 Rehahn’s group was the first to report on well-
defined, high molecular weight, soluble coordination poly-
mers of [Ru’(bpy);]** complexes and their UV—vis and
viscosity properties.” '! The polymerization of [Ru'(b-
py)sl*t complexes using reductive polymerization techniques
was first described by Murray’s group,’ while copolymers
where the ruthenium complexes were attached to a preformed
polymeric backbone through a nucleophilic displacement
were produced by the group of Meyer.'!?2%2% Later,
Fraser’s group used [Ru"(bpy)s;]*" cores as initiators for
ATRP (divergent synthesis) or as coupling agents of ATRP-
prepared polymers (convergent synthesis) to produce well-
defined linear and star-shaped polymers (e.g., polystyrene,
poly(methyl methacrylate)),”>*°3! a procedure also per-
formed by Ghiggino utilizing RAFT polymerization tech-
niques.>*3¢

However, up to now, besides the free radical polymeri-
zation (FRP)'® and ring opening metathesis polymerization
(ROMP)'® of vinyl [Ru"(bpy)s]** complexes, there have
been no attempts to apply other controlled polymerization
techniques, though control over molecular architecture is one
of the most important scopes in this field of polymer science,
since it determines to a great extent the properties of the
final supramolecular material.'~* Especially for optoelec-
tronic applications such as light-emitting diodes (LEDs) and
photovoltaics (PVs), the charge transport and the electron
donor/acceptor phase separation and interactions are the
major issues determining their efficiency. Well-defined
polymeric metal complexes for such applications can be
prepared through controlled polymerizations of precursor
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polymeric chains and their complexation thereafter®'*!-1?

or polymerization of preformed monomeric complexes.'’
Among the different controlled polymerization techniques,
the ATRP methodology’”*® is tolerant of a number of
functional groups, located on either the initiator or the vinylic
monomers used, thus being a useful tool in providing
homopolymers or copolymers of well-defined molecular
characteristics. However, the ATRP methodology for pro-
ducing homopolymers of monomeric complexes having
[Ru"(bpy);]** moieties has not been presented up to now.
This work focuses on the synthesis and characterization
of a vinyl-2,2'-bipyridine monomer and its resulting metal
complex with Ru(Il) ions and is the first report on atom
transfer radical homopolymerization of such complexes using
functional initiators.>***#! The use of the initiators reported
here will help in the further functionalization of these
polymers, allowing their implementation in other reactions.
As an example, the synthesized homopolymers could be
introduced in polycondensation reactions or even be used in
hybrid solar cells as ruthenium-containing polymeric dyes.
Also FRP was applied to this new [Ru"(bpy);]** complex
in combination with electron or hole transporting monomers
such as oxadiazoles and carbazoles, respectively. All poly-
mers produced were fully characterized and evaluated with
respect to their structural characteristics and optical properties.

Experimental Section

Materials. Dichlorobis(2,2'-bipyridine)ruthenium(Il) [cis-(bpy).-
RuCl,+2H,0],?® tetrakis(triphenylphosphine)palladium [Pd(PPhs),],**
4-styrylboronic acid,** and 2-{4-[(4-vinylphenyl)methoxy]phenyl }-5-
phenyl-1,3,4-oxadiazole** were produced according to the literature.
2,2'-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from
MeOH, diethyl ether (DEE) was distilled from Na wire, and tetrahy-
drofuran (THF) was distilled from Na wire in the presence of
benzophenone. All other reagents and solvents were purchased by
Aldrich and used as received. All reactions and polymerizations were
carried out under an inert argon atmosphere.

Instrumentation. The structures of the synthesized monomers,
polymers, and copolymers were clarified by high-resolution 'H
NMR and '*C NMR spectroscopy with Bruker Avance DPX 400
and 100 MHz spectrometers, respectively. The samples were
dissolved in deuterated chloroform (CDCls) or deuterated dimethyl
sulfoxide (DMSO-d), using tetramethylsilane (TMS) as the internal
standard.

In the case of copolymers with low metal complex content,
molecular weights (M,, M, PDI) were determined by gel perme-
ation chromatography using a Polymer Laboratory chromatograph
(Ultrastyragel columns with 500 and 10* A pore sizes) calibrated
with polystyrene standards using CHCl; (filtered through a 0.5 um
Millipore filter, analytical grade) as the eluent at a flow rate of 1
mL-min~" at room temperature (rt) and equipped with a UV
detector (254nm) along with a “Schodex RI-101” refractive index
detector.
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The UV spectra were recorded on a Hitachi spectrophotometer,
model U-1800. Photoluminescence spectra were obtained using a
Perkin-Elmer LS45 luminescence spectrometer by excitation of the
sample at the absorption maxima of the UV—vis spectra. All
spectroscopic measurements were performed in quartz glass cuvettes
(1 cm) at concentrations of 107°—10"° M with respect to the
repeating units. Viscosity measurements were carried out in DMF
solutions with an Ostwald-type viscometer at 30 °C in a Scott Gerate
AVS 310 apparatus.

Monomer Synthesis. 2-(Tributylstannyl)pyridine (a). To a
degassed three-necked round-bottom flask equipped with a reflux
condenser, an addition funnel, and a magnetic stirrer under an argon
atmosphere was added 4.25 g (2.56 mL, 26.90 mmol) of 2-bro-
mopyridine. Through the addition funnel 50 mL of distilled DEE
was added dropwise. Then the system was cooled to —80 °C
followed by the dropwise addition of n-BuLi (1.6 M solution in
n-hexane, 21 mL, 33.60 mmol). The reaction mixture was kept at
the same low temperature for 3 h. Afterward, 9.12 mL (33.60 mmol)
of tributylzinc chloride was added through the funnel, and the
reaction mixture was stirred at —80 °C for another 3 h and then at
rt for 12 h. Then all solvents were evaporated under vacuum, and
60 mL of distilled DEE was added. The mixture was filtered to
remove any solid impurities, and the filtrate was evaporated under
reduced pressure. The resulting 2-(tributylstannyl)pyridine was used
in the following reaction without any further treatment. Yield: 8.41 g
(85%).

5-Bromo-2,2'-bipyridine (b). To a degassed round-bottom flask
equipped with a reflux condenser and a magnetic stirrer under an
argon atmosphere were added 6.77 g (28.60 mmol) of 2,5-
dibromopyridine and 0.66 g (0.57 mmol) of Pd(PPhs),. The system
was degassed again, and the solid from the previous reaction, 8.41 g
(22.90 mmol) of 2-(tributylstannyl)pyridine, was added dissolved
in 50 mL of dry xylene under an argon atmosphere. The reaction
mixture was then heated at 120 °C for 14 h. After the reaction
mixture was cooled to rt, 60 mL of aqueous NaOH (2 M) was
added. The mixture was extracted with toluene and dried over
MgSO,. The solvent was evaporated under vacuum, and the crude
solid product was purified via column chromatography (silica gel,
230—400 mesh, ASTM) using n-hexane/ethyl acetate (5:1) as the
eluent. The desired product was obtained as a white crystalline
powder which was dried at 45 °C under vacuum. Yield: 3.51 g
(65%). "H NMR (CDCl3): 7.33 (ddd, 1H), 7.82 (td, 1H), 7.94 (dd,
1H), 8.32 (d, 1H), 8.37 (d, 1H) 8.67 (dt, 1H), 8.72 (d, 1H) ppm.
3C NMR (CDCl): 120.92, 121.09, 122.29, 123.96, 136.97, 139.45,
149.21, 150.15, 154.58, 155.13 ppm.

5-(p-Vinylphenyl)-2,2'-bipyridine (¢). To a degassed three-necked
round-bottom flask equipped with a reflux condenser, an addition
funnel, and a magnetic stirrer under an argon atmosphere were
added 0.80 g (3.40 mmol) of 5-bromo-2,2'-bipyridine, 0.75 g (5.10
mmol) of 4-styrylboronic acid, and 0.15 g (0.13 mmol) of Pd(PPh;),.
The system was degassed again, and 70 mL of distilled THF and
6.37 mL of K,CO3 (2 M) degassed aqueous solution were added.
The reaction mixture was refluxed for 48 h. After being cooled to
rt, the mixture was extracted using toluene and dried over MgSOy.
The solvent was removed under vacuum, the resulting yellow solid
was stirred for 2 h in n-hexane and filtered to remove any impurities,
and the filtrate was evaporated. A white powder was obtained after
the residue was dried under reduced pressure at 30 °C for 24 h.
Yield: 0.75 g (85%). Purity by "H NMR: 90%. The product was
further purified via column chromatography (silica gel, 230—400
mesh, ASTM) using dichloromethane, which elutes the impurities,
and then dichloromethane/MeOH (20:1), which elutes the desired
clean product. The yield by chromatography was 85%, and the
purity of the product was estimated as 100% by 'H NMR
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Scheme 1. Synthetic Route toward
[5-(p-Vinylphenyl)-2,2'-bipyridine]bis(2,2'-
bipyridine)ruthenium(II), [Ru(vbpy)(bpy).1(PFe). (d)
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spectroscopy. '"H NMR (CDCls): 5.32 (d, 1H), 5.83 (d, 1H), 6.78
(g, 1H), 7.33 (ddd, 1H), 7.53 (d, 2H), 7.63 (d, 2H), 7.84 (td, 1H),
8.03 (dd, 1H), 8.45 (q, 2H), 8.71 (d, 1H) 8.93 (d, 1H) ppm.

[5-(p-Vinylphenyl)-2,2"-bipyridine Jbis(2,2'-bipyridine)ruthe-
nium(II), [Ru"(vbpy)(bpy)2](PFs); (d). To a degassed round-bottom
flask equipped with a reflux condenser and a magnetic stirrer under
an argon atmosphere were added 0.12 g (0.47 mmol) of ¢, 0.16 g
(0.31 mmol) of [cis-(bpy),RuCl,*2H,0],%® and 30 mL of absolute
EtOH. The reaction mixture was degassed once again and refluxed
for 72 h. The resulting red-colored mixture was cooled to rt, and
the solvent was evaporated under reduced pressure, affording an
orange powder. Afterward 40 mL of deionized water was added,
and the mixture was stirred for 0.5 h, followed by filtration to
remove solid impurities. To the filtrate was added 20 mL of an
aqueous solution of NH4PFs, which caused the formation of orange
crystals to precipitate spontaneously. The crystals formed were
filtered and washed with deionized water to remove the excess
NH,4PF; and consecutively with DEE. Drying under vacuum at 45
°C for 24 h afforded the final product. Yield: 0.270 g (87%). 'H
NMR (DMSO-dg): 5.33 (d, 1H), 5.94 (d, 1H), 6.75 (q, 1H), 7.46
(d, 2H), 7.51—7.58 (m, 7TH), 7.71—7.78 (m, 4H), 7.86 (d, 1H), 7.91
(d, 1H), 8.14—8.23 (m, 5H), 8.51 (dt, 1H), 8.79—.92 (m, 6H) ppm.
13C NMR (DMSO-de): 116.57, 124.92, 124.97, 125.05, 125.14,
127.53, 127.61, 128.27, 128.32, 128.46, 134.03, 135.82, 136.12,
138.43, 138.76, 138.88, 148.39, 151.70, 152.16, 152.30, 155.71,
156.82, 156.91, 157.02, 157.12, 157.21 ppm.

Polymerizations. Atom Transfer Radical Polymerization
using Functional Initiators. A round-bottom flask equipped with a
rubber septum, a magnetic stirrer, and a gas inlet/outlet was flamed
under vacuum. Initiator 5-[[4-(bromomethyl)benzyl]oxy]benzene-
1,3-dioic acid (Ia),***' 5.72 mg (0.02 mmol), or the distyrylan-
thrcene derivative I1,>* 11.94 mg (0.02 mmol) (shown in Schemes
2 and 3), was added to the flask which contained CuBr, 5.75 mg
(0.04 mmol), and 8.4 uL (0.04 mmol) of N,N.N',N" ,N"-pentam-
ethyldiethylenetriamine (PMDETA). The system was degassed three
times and flushed with argon. The solvent dimethyl formamide
(DMF) and 385 mg (0.4 mmol) of monomer d were added to the
flask, and the mixture was immediately degassed and flushed with
argon three times. The reaction mixture was then immersed in an
oil bath and heated at 110 °C for 24 h. After the reaction mixture
was cooled to room temperature, 2 mL of DMF was added to
dissolve the polymer. The suspension was filtered from silica gel
to remove most of the catalyst. The resulting polymer was
precipitated as a dark-orange crystalline-like powder in 20-fold
excess by volume of methanol. Filtration and excessive washing
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Scheme 2. Atom Transfer Radical Polymerization of
Monomer d and Its Kinetic Study (I/M versus Time)
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Table 1. Characterization of Polymers P1 and P2
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Table 2. Molecular Characteristics of Copolymers P3

copolymer, OXD/Ru  composition, 'HNMR  M,* My“  PDI?

P3i, 95/5 96/04 3100 6900 2.20

P3ii, 90/10 94/06 4100 5100 1.25

P3iii, 85/15 86/14 2700 3200 1.20
P3iv, 75/25 80/20
P3v, 50/50 60/40
P3vi, 15/85 22/78
P3vii, 10/90 13/87

“ My, My, and PDI (M/M,) from GPC measurements using CHCl3 as
the eluent and polystyrene standards.

Table 3. Molecular Characteristics of Copolymers P4

copolymer, CARB/Ru composition,‘H NMR M My  PDI¢
P4i, 95/5 90/10 17400 22300 1.30
Pdii, 85/15 73/27 14500 19300 1.35
Pdiii, 75/25 67/33 29100 47600 1.65
Pdiv, 50/50 54/46
Pdv, 25/75 33/67
Pdvi, 15/85 23/77
P4vii, 10/90 14/86

feed ratio, no. of
initiator/ monomers M, estimation  7rq” at C = 0.5
polymer  monomer attached by '"H NMR mg/mL

Pla 1/05 7 ~7100
P1b 1710 9 ~9000
Plc 1710 10 ~10000
P1d 1710 13 ~12900 41.77
Ple 1/15 16 ~16300
P2a 1/06 11.19
P2b 1710 21.92
P2c 1720 51.80

“In DMF at 30 °C.

with MeOH and DEE removed any remaining impurities. The final
polymeric material was dried under vacuum at 45 °C overnight.
The results for the different prepared polymers are summarized in
Table 1. '"H NMR (DMSO-ds) for polymers P1: 3.90 (s), 4.55(s),
5.30 (s), 7.55 (br), 7.74 (br), 7.95 (br), 8.17 (br), 8.81 (br) ppm.
'"H NMR (DMSO-dg) for polymers P2: 6.87 (br), 7.54 (br), 7.74
(br), 7.95 (br), 8.17 (br), 8.81 (br) ppm.

Free Radical Polymerization: General Procedure. To a degassed
round-bottom flask equipped with a magnetic stirrer and a gas inlet/
outlet were added the desired amounts of monomer d and of
oxadiazole monomer (2-{4-[(4-vinylphenyl)methoxy]phenyl}-5-
phenyl-1,3,4-oxadiazole, OXD) or carbazole monomer (9-vinyl-
carbazole, CARB), along with the respective amounts of AIBN.
Then 3 mL of DMF was added, and the system was flushed with
argon and immersed into an oil bath at 110 °C for 4 days. Then
the reaction mixture was allowed to cool at room temperature and
was precipitated in 20-fold excess by volume of the solvent required
in each case.

For copolymers P3, the synthesis of P3iv (feed ratio 15/85 OXD/
monomer d) is presented as an example: A 16 mg (0.042 mmol)
portion of the OXD monomer and 240 mg (0.250 mmol) of
monomer d were added to the flask along with 1.23 mg (0.003
mmol) of AIBN and 3 mL of DMF. The reaction mixture was
immersed into an oil bath at 110 °C for 4 days and then precipitated
in 60 mL of methanol. Depending on the molar ratio of the
copolymers, they were precipitated in methanol or methanol/ethyl
acetate or methanol/water mixtures as the percentage of the
oxadiazole unit increased, respectively. After filtration the polymers
were further washed with methanol and ethyl acetate, to remove
any excess of monomers, and consecutively with DEE and dried
under vacuum at 45 °C overnight. The copolymers obtained were
further purified by reprecipitation from CHCl; or acetonitrile in
DEE. The results are summarized in Table 2. '"H NMR (DMSO-
dg) for copolymers P3: 1.5—2.4 (br, 3H of d plus 3H of OXD), 4.9
(br, 2H of OXD), 6.2—8.3 (br, 20H of d plus 13H of OXD),
8.4—8.9 (br, 7H of d) ppm.

“ My, My, and PDI (M/M,) from GPC measurements using CHCl3 as
the eluent and polystyrene standards.

For the P4 copolymers an example for the synthesis of P4iv
(for a feed ratio of 50/50 CARB/monomer d) is presented: A 29
mg (0.015 mmol) portion of the CARB monomer and 144 mg
(0.015 mmol) of monomer d were added to the flask along with
1.23 mg (0.003 mmol) of AIBN. The system was degassed and
flushed with argon again. Then 3 mL of DMF was added, and the
reaction mixture was immersed in an oil bath at 110 °C for 4 days.
The copolymers were obtained by precipitation in 20-fold excess
by volume of methanol and were further purified by reprecipitation
from CHCI; or acetonitrile in DEE. The results are summarized in
Table 3. '"H NMR (DMSO-dy) for copolymers P4: 1.5—2.4 (br,
3H of d plus 3H of CARB), 5.7—8.3 (br, 20H of d plus 13H of
CARB), 8.6—8.9 (br, 7H of d) ppm.

Results and Discussion

The synthesis of the vinylic ruthenium complex d (Scheme
1) was based on the novel vinylphenyl-2,2'-bipyridine
monomer ¢, produced from the brominated bipyridine
derivative b.**7>* The synthesis of monobromobipyridine
derivatives in the past, was mainly based on bromination
under harsh reaction conditions,*’ resulting in low yields.
Recently the use of stannyl reagents has provided another
way to produce these derivatives in better yields and under
milder conditions.* In this work, for producing derivative
b, we employed a procedure slightly modified with respect
to the use of (trimethylstannyl)pyridine,*’ by utilizing
2-(tributylstannyl)pyridine (a) under the same mild condi-
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Scheme 3. Molecular Representation of Polymers P1 and P2“
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tions. Taking advantage of the Stille coupling reaction™>**->

between compound a and 2,5-dibromopyridine, combined
with the different reactivities between the bromine atoms,
we obtained higher yields for the desired monobromobipy-
ridine b. As a consequence, the vinylbipyridine monomer ¢
was produced via a Suzuki coupling reaction*-3%>* between
compound b and 4-styrylboronic acid.** Finally the vinyl
complex monomer d was produced after a complexation
reaction of compound ¢ with dichlorobis(2,2'-bipyridine)ru-
thenium(II),*® followed by counterion exchange from a
saturated aqueous solution of NH4PFs. Clarification of its
chemical structure was performed by 'H and '*C NMR
spectroscopy (Figure 1; see also the Experimental Section).

Homopolymers of monomer d were synthesized via ATRP
using functional or chromophoric initiators (Ia, dicarboxylic
acid, and Ib, dicarboxylic acid methyl ester,”>*! or the
distyrylanthracene II derivative,** respectively, Schemes 2
and 3). On the other hand, free radical copolymerization of
monomer d with oxadiazole or carbazole monomers resulted
in electron/hole transporting polymeric architectures (Figures
3 and 4).

In particular, using different initiators (monofunctional Ia
and Ib and bifunctional II) and the [Ru(vbpy)(bpy).](PFs)2
unit (d), we performed controlled ATR polymerizations that
produced well-defined, easily soluble homopolymeric (P1)
and polymeric triblock (P2) complexes. Monomer d and the
synthesized polymers were characterized via 'H NMR,
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Figure 1. '"H NMR spectra of monomer d in DMSO-ds.
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UV —vis, and photoluminescence (PL) spectroscopy. These
polymeric complexes exhibit excellent solubility properties
in polar nonprotic solvents, such as acetone, CH;CN, DMF,
and DMSO. The functional initiators of P1 homopolymers,
having dicarboxylic acid methyl ester or dicarboxylic acid
functionalities, allow the design and synthesis of more
complex architectures (e.g., comb- or starlike structures) since
they can be utilized in subsequent reactions such as poly-
condensations or they can even be directly applied in hybrid
solar cells. Additionally all copolymers produced by the FRP
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Figure 2. 'H NMR spectrum of polymers P1 and P2 in DMSO-ds.
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Figure 3. Synthesis of copolymers P3 and 'H NMR spectrum of P3iv in
DMSO-ds.

technique exhibit the same solubility properties and were
similarly characterized.

On the basis of the "H NMR spectra of polymers P1 and
P2, shown in Figure 2, the successful ATR polymerization
is proved, since the olefins’ peaks at 5.33, 5.94, and 6.75
ppm of the bpy monomer are not present. The case of thermal
polymerization is also excluded, since the protons of the
initiators are evident. Thus, in the case of P1, as shown in
Figure 2, the peaks at 3.90, 4.55, and 5.30 ppm attributed to
the methyl and methylene protons of the initiator Ia can be
used to calculate the polymers’ M,. The results of these
calculations are presented in Table 1, showing the close
agreement between the feed ratio of initiator to monomer
and the calculated M,. This is another piece of evidence of
a successful ATR polymerization and not just a conventional
radical or thermal polymerization. Moreover, to prove the
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Figure 4. Synthesis of copolymers P4 and '"H NMR spectrum of P4ii in
DMSO-d.
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Figure 5. UV—vis absorption spectra of monomer d, polymers P1 and P2,
and the anthracene initiator II used in P2 in DMF.
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Figure 6. PL spectra of polymer P2 after excitation at 1 = 290, 320, and
458 nm in DMF.

controlled character of these polymerizations, we performed
kinetic studies that were carried out analogously to the
general polymerization procedure. We selected the monomer
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Figure 7. UV—vis absorption spectra of copolymers P3 and of the
oxadiazole monomer in DMF.
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Figure 8. PL spectra of copolymers P3 after excitation at A = 290 nm in
DMF.

d/initiator Ia/CuBr/PMDETA (15/1/2/2) system for a kinetic
study. During the reaction time, seven samples of 0.30 mL
were withdrawn, and each one was precipitated in 20 mL of
deionized water. This way, the catalytic complex of copper/
PMDETA was diluted; the samples were centrifuged and
washed again with water three times. Finally the same
procedure was repeated three times with diethyl ether to
remove any trace of unreacted initiator. Thus, the "H NMR
end group analysis technique was used to estimate the true
M, values of our polymers during the polymerization. The
M, values were determined by "H NMR spectroscopy from
the signal at 0 = 3.9 ppm corresponding to the methyl
protons of the Ia initiator used (6 protons) and the whole
region from 7.3 to 8.9 ppm corresponding to the aromatic
protons of both the monomer (27 protons) and the polymer
(27 protons). A representative '"H NMR spectrum of the
a-dicarboxylic acid methyl ester Ib initiated polymer P1 for
the kinetic study, with the assignment of all peaks, is depicted
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Figure 9. PL spectra of copolymers P3 after excitation at A = 458 nm in
DMEF.
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Figure 10. UV—vis absorption spectra of copolymers P4 and of the
carbazole monomer in DMF.

in the Supporting Information (Figure S1). The plot of
initiator monomer (M)/(I) versus time is linear, indicating
that the number of growing radicals remained constant
throughout the polymerization (Scheme 2). Concerning
polymer P2, there are no selective peaks for both the initiator
IT and the polymer to obtain the M, value through the 'H
NMR technique in this case.

For the copolymers of the ruthenium complex with
oxadiazole units (P3), the composition ratio could be
calculated from the "H NMR spectra, since selective peaks
can be observed. Composition calculations were based on
the "H NMR peak at 8.4—8.9 ppm, attributed to six of the
bpy aromatic protons of the [Ru(vbpy)(bpy),]*" unit, and
the peak at 5.0 ppm, attributed to the methylene protons in
the a-position to the oxygen atom of the side oxadiazole
unit (Figure 3).

In the case of copolymers of the ruthenium complex with
carbazole units (P4), the composition ratio could once again
be estimated by the '"H NMR spectra, though roughly, due
to the low discrimination of the respective monomers and
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Figure 11. CARB/[Ru(II)(bpy)3](PFe),: 95/05 = %, 85/15 = A, 75/25 =
A, 50/50 = O, 25/75 = @, 15/85 = [0, 10/90 = M.
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Figure 12. CARB/[Ru(II)(bpy)3](PFg): 95/05 = %, 85/15 = A, 75/25 =
A, 50/50 = O, 25/75 = @, 15/85 = [0, 10/90 = A.

the broadness of the spectrum peaks. The 'H NMR peak at
8.4—8.9 ppm, attributed to six of the bpy aromatic protons
of the [Ru(vbpy)(bpy)2]>" unit, and the broad peak from
5.6—7.3 ppm, attributed to six aromatic protons of the
carbazole unit, were used for this estimation (Figure 4).

In an attempt to calculate the homopolymers’ P1 and P2
molecular characteristics (M,, M, PDI), we tried to perform
GPC measurements with UV detection at 254 nm. This was
unsuccessful, whichis justified according to the literature, 15,16,28
since there are strong interactions of the ruthenium complexes
with the polystyrene stationary phase of GPC columns.
However, there are examples of successful GPC character-
ization of metal-containing polymers with comparatively low
metal loading.®?'*2° In our case, the high metal complex
loadings of most of our polymers did not allow their
characterization using GPC. Despite that, to prove once again
the polymeric nature of these complexes, viscometric char-
acterization was applied.'®!'> These measurements were
performed for P1, P2, and d in DMF at 30 °C, and the results
are summarized in Table 1. In addition, the inset in Scheme
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3 shows the viscosity values obtained for polymers P1d,
P2a—c, and monomer d for different concentrations; an
increase in the reduced viscosity values is evident as the
solution concentration decreases. Such a behavior can be
explained in terms of the polyelectrolyte nature of the
polymers due to the presence of Ru(Il) and the PFs
counterions. Comparison of the viscosity values with those
of the vinylic monomer d, as well as the relation of the
viscosity value of polymer P1d with the M, value obtained
by 'H NMR, fully supports the formation of polymeric hybrid
materials in both the cases of P1 and P2.

On the other hand, the copolymers of ruthenium complexes
with oxadiazole units (P3) could be successfully character-
ized with GPC, but only for those having low metal loadings
(less interaction with the polystyrene columns used). It was
observed that in the cases of higher oxadiazole loadings (feed
composition ratios of 95/05, 90/10, and 85/15) the copoly-
mers were soluble in CHCls and their GPC characterization
was possible, as shown in Table 2. A representative GPC
trace of P3iii copolymer is provided in the Supporting
Information (Figure S2). Similarly, for the P4 copolymers,
GPC characterization was successful for high carbazole
loadings (feed composition ratios of 95/05, 85/15, and 75/
25), as shown in Table 3. A representative GPC trace of
P4iii copolymer is provided in the Supporting Information
(Figure S3) as well.

Optical Characterization. The [Ru(vbpy)(bpy).](PFs).
unit (d), homopolymers P1 and P2, and copolymers P3 and
P4 were thoroughly characterized with respect to their optical
properties in dilute DMF solutions (107°—107¢ M), via
UV—vis and PL spectroscopies. In all cases the characteristic
absorption and emission bands of the [Ru“(bpy)3]2+ com-
plexes were observed. On the other hand, for copolymers
P3 and P4, bands due to the synergistic effect of both the
monomer d and OXD or CARB coexisting moieties could
be detected, with varying intensities depending on the ratios
of the comonomers. All homopolymers and copolymers
present intense red light emissions.

Concerning the monomer d and the polymers P1 and P2,
UV —vis spectroscopy revealed identical spectra, exhibiting
an absorption peak at around 4 = 292 nm and a “shoulder”
at 4 = 320 nm, attributed to w—a* LC (ligand-centered)
transitions of 2,2'-bipyridine, and an absorption maximum
at A = 458 nm, which is characteristic of the d—z* MLCT
(metal to ligand charge transfer) of the [Ru(vbpy)-
(bpy)21(PFe), complexes (Figure 5). In the case of P2, where
the anthracene unit is used as the initiator, one should expect
an additional absorption peak at A = 414 nm attributed to
the anthracene unit, as shown in Figure 5, but particularly
this peak is overlapped by the ruthenium complex absorption
at 458 nm, since the concentration of the anthracene initiator
in P2 is very low.

Photoluminescence investigation of monomer d and
polymers P1 and P2 after excitation at A = 290 nm and A =
320 nm revealed identical emission peaks located at around
A = 380 nm and A = 615 nm attributed to the [Ru-
(vbpy)(bpy)2](PFs), complex. Depending on the excitation
wavelength, varying emission intensities were observed as
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shown in Figure 6. Additionally, in the case of P2, due to
the overlapping of the absorption band of monomer d and
the anthracene moiety, after being excited either at A = 414
nm (where the absorption maxima of the anthracene initiator
is located) or at A = 458 nm (attributed to monomer d),
emissions at A = 520 nm and A = 615 nm were observed,
proving the incorporation of the anthracene group along the
polymeric backbone (Figure 6).

The UV—vis optical characterization of copolymers P3
revealed similarities with those of polymers P1 and P2. As
shown in Figure 7, the d—z* MLCT absorption band of the
[Ru(vbpy)(bpy)2](PFs), unit is evident at A = 458 nm.
Moreover, P3 copolymers exhibit a peak of higher intensity,
with maxima either at 4 = 296 nm (absorption maxima of
the oxadiazole unit) or at A = 292 nm (absorption of bpy
ligands), plus a shoulder at around A = 320 nm attributed to
the w—x* LC transition of 2,2'-bipyridines, depending on
the molar ratio of the copolymer. In that order, the absorption
maxima observed for P3i—vii vary from 296 to 292 nm,
whereas the shoulder at 4 = 320 nm is observed only in
cases of high metal loadings. Furthermore, it should be
outlined that the intensity of the MLCT absorption band at
458 nm increases by increasing the ratio of the metal complex
to the copolymer, whereas the absorption band at ~294 nm
remains relatively constant.

Photoluminescence spectra of copolymers P3 were ob-
tained after excitation at A = 290 nm and A = 458 nm with
emission maxima at A = 382 nm and A = 615 nm (Figures
8 and 9). The first peak is attributed to the m—n* LC
absorption band of both 2,2'-bipyridine and the oxadiazole
unit, while the latter is characteristic only of the d—s* MLCT
absorption band of the [Ru(vbpy)(bpy).](PF¢), unit.

Concerning copolymers P4, their optical properties re-
semble those of P3. In the UV—vis spectra of copolymers
P4i—vii, one can observe absorption peaks at A = 458 nm
characteristic of the d—z* MLCT absorption band of the
[Ru(vbpy)(bpy)2](PFe), unit as shown in Figure 10. More-
over, P4 copolymers exhibit a peak of higher intensity, with
a maximum located at A = 292 nm and a shoulder at around
A = 320 nm, originating from the w—s* LC transition of
2,2'-bipyridine, as well as the carbazole units. Furthermore,
it should be pointed out that the absorption intensity of the
MLCT band increases compared to that at ~292 nm,
similarly to that of P3, by increasing the ratio of the metal
complex to the copolymer.

Photoluminescence spectra of P4 were obtained after
excitation at A = 290 nm (Figure S4, Supporting Informa-
tion), A = 340 nm (Figure 11), and A = 458 nm (Figure 12).
Emission peaks were observed at 4 = 382 nm and A = 615
nm. The first peak is attributed to the 7—s* LC absorption
band of 2,2'-bipyridine and to the carbazole unit, while the
latter is characteristic of the d—s* MLCT absorption band
of the [Ru(vbpy)(bpy).](PF¢), unit. All copolymers P4i—vii
exhibit similar spectral characteristics after excitation at the
absorption maxima of the carbazole and the bipyridine unit
at ~290 nm. The emission wavelength range consists of
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bands at A = 380 nm and 4 = 615 nm. If excitation takes
place at A = 340 nm, where the carbazole moiety absorbs,
the same emission bands appear (Figure 11). When the
excitation wavelength is 458 nm, only emission peaks at 4
= 615 nm are observed (Figure 12). All of the above optical
data ensure the incorporation of the [Ru(vbpy)(bpy).](PFe)2
unit into the polymeric chains and the ability of these types
of polymers and copolymers to incorporate the optical
properties of the metallic complex.

Conclusions

The newly developed vinylbipyridine monomer ¢ used in
this work was synthesized from bromopyridine derivatives,
taking advantage of the combination of Stille and Suzuki
palladium-catalyzed coupling reactions. Complexation of this
monomer with ruthenium ions resulted in the high-yield
preparation of the [Ru(vbpy)(bpy).](PFs). complex (d). This
vinylic complex was successfully employed in atom transfer
radical polymerization, demonstrating for the first time the
ability of such complexes to be polymerized via ATRP.
Moreover, it was copolymerized via FRP with oxadiazole
and carbazole monomers, producing copolymers with electron/
hole transporting architectures, respectively. All polymers
and copolymers were soluble in common organic solvents,
despite their high metal loadings. A complete characterization
via '"H NMR, GPC, and viscosity measurements was
performed. On the basis of the “architecture” of these
polymers and copolymers, and their optical characteristics
(UV—vis and PL), applications in optoelectronic devices
seem quite feasible. The key advantage of this work, besides
the high-yield synthesis of the new vinyl monomer d, is its
direct ATR homopolymerization, using various functional
initiators. These homopolymers bearing [Ru"(bpy);]** com-
plexes on every single repeating unit were easily soluble in
common organic solvents, allowing their thorough charac-
terization with respect to their structural and optical char-
acteristics. Moreover, the combination of the optical char-
acteristics of the metal complex with the polymers’ properties
and more importantly with the electron or hole transporting
characteristics of the comonomers employed is expected to
further contribute to the balanced charge mobility of these
materials.
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