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Synthesis and applications of main-chain Ru(i1) metallo-polymers containing
bis-terpyridyl ligands with various benzodiazole cores for solar cellst
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A series of m-conjugated bis-terpyridyl ligands (M1-M3) bearing various benzodiazole cores and their
corresponding main-chain Ru(ir) metallo-polymers were designed and synthesized. The formation of
metallo-polymers were confirmed by NMR, relative viscosity, and UV-visible titration measurements.
The effects of electron donor and acceptor interactions on their thermal, optical, electrochemical, and
photovoltaic properties were investigated. Due to the strong intramolecular charge transfer (ICT)

interaction and metal to ligand charge transfer (MLCT) in Ru(i1)-containing polymers, the absorption
spectra covered a broad range of 260750 nm with the optical band gaps of 1.77-1.63 eV. In addition,
due to the broad sensitization areas of the metallo-polymers, their bulk heterojunction (BHJ) solar cell
devices containing [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) as an electron acceptor exhibited
a high short-circuit current (Jy.). An optimum PVC device based on the blended polymer P1 : PCBM =
1 : 1 (w/w) achieved the maximum power conversion efficiency (PCE) value up to 0.45%, with V,. =
0.61V,J,, =218 mA cm~2, and FF = 34.1% (under AM 1.5 G 100 mW cm~2), which demonstrated
a novel family of conjugated polyelectrolytes with the highest PCE value comparable with BHJ solar
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cells fabricated from ionic polythiophene and Cgp.

Introduction

In the extensive search of new materials for optoelectronics
applications, supramolecular metallo-polymers have gained
much interest in last decades.”® The self-recognition and self-
assembly of functional structures into supramolecular metallo-
architectures through the interactions of transition metal ions
and appropriate chelating ligands has afforded many intriguing
architectures that have attained much attention in modern
supramolecular chemistry.** Polypyridyl ligands, especially
2,2":6',2"-terpyridine (terpy) derivatives, which have high
binding affinities towards transition-metal ions due to dw—pm*
back-bonding of metal ions to pyridine rings have been utilized
recently for multinuclear supramolecular interactions.® Terpy
derivatives bearing m-conjugated substituents at the 4'-position
possess fascinating photophysical, electrochemical, catalytic, and
magnetic properties with promising applications in the field of
self-assembled molecular devices and photoactive molecular
wires,” and their properties can be tuned by varying substituents
at the 4’-position of the terpy moieties.? Furthermore, chemically
and thermally stable ditopic bis-terpyridine derivatives, where
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two terpy units are linked back-to-back with a covalent bond
through a spacer, are able to form stable complexes with a large
variety of transition-metal ions for the design of functional
materials.® Three chelating pyridyl units in terpy ligands offer
higher binding constants and the formation of distorted octa-
hedral 2 : 1 ligand-metal complexes. In particular, by the proper
selection of metal-ligand combinations, it is possible to realize
the formation of ligand—metal complexes from kinetically labile
to inert but nevertheless thermodynamically stable bonds.

Constable et al. have developed the concept concerning the
utilization of ditopic bis-terpyridyl ligands as building blocks for
coordination oligomers and polymers.'® By coordinating to
suitable metal ions, the electronic properties of these materials
can be tuned and that highlights their potential in the applica-
tions of new functional materials.’™'? In the past years, a large
number of terpy complexes containing heavy transition metal
ions, such as ruthenium(m), iridium(ir), or osmium(i), as pho-
toactive species, and also coordination polymers built up from
terpy ligands have been introduced by several research groups.®?
Zinc(1) ions have also recently attracted much interest as novel
templates for the fabrication of structurally well-defined photo-
luminescent and electroluminescent supramolecular metallo-
cycles and metallo-polymers.’*'* In our previous reports,'s
a series of terpyridyl Zn(i1) metallo-polymers containing poly-
fluorene backbones as emitters were fabricated into PLED
devices with multilayer structures.

Nowadays, some terpyridyl Ru(m) complexes have attracted
researchers to use them in the application of photovoltaic cells
(PVQ).**17 The insertion of ruthenium metals into conjugated
backbones has several advantages, such as facilitating the charge
generation by extending its absorption range due to its charac-
teristic long-lived metal to ligand charge transfer (MLCT)
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transition® and to exhibit a reversible Ru(i,i) redox process
along with some ligand-centered redox processes. Motivations
for examining the potential incorporation of such conjugated
polyelectrolytes into solar cell development include the easy
processability, layer-by-layer (LBL) processing capability, and
the fact that their applications in a variety of chemical and
sensory schemes have shown that they are efficiently quenched by
electron acceptors. Dye-sensitized solar cells (DSSCs) based on
such complexes have also been fabricated and the power
conversion efficiency (PCE) values in excess of 10% have been
achieved when liquid electrolytes were used.'® However, the
presence of liquid electrolytes inside DSSCs seriously limits the
industrial development of the technology due to the poor long-
term stabilities of liquid cells. Recently, terpyridyl Ru(i)
complexes have been utilized in bulk heterojunction (BHJ) PVC
devices by using LBL self-assembled techniques. Chan et al
reported that the use of a terpyridyl Ru(1) complex containing
conjugated polymer (Ru-PPV) and sulfonated polyaniline
(SPAN) for the fabrication of different multilayer PVCs by the
LBL deposition method. The short-circuit currents in the PVC
devices were measured ca. 7.5-32.9 pA cm~? and the PCE values
were in the range of 0.95-4.4 x 1073%.'" They also synthesized
conjugated polymers with pendant Ru(i) terpyridine trithio-
cyanato complexes and applied them in bulk heterojunction
photovoltaic cells with high PCE values ca. 0.12%.'%* Similarly,
Mikroyannidis et al used metallo-polymers in bulk hetero-
junction photovoltaic cells as a buffer layer along with an active
layer of polymer blend P3HT : PCBM (1 : 1 w/w) and found the
maximum power conversion efficiency value of 0.71% among the
four metallo-polymers studied.'® In all cases, the PCE values
were limited either by the low open-circuit voltage (V) or low
short circuit current (Ji.). Due to relatively high HOMO levels
and reduced sensitization ranges in all the reported polymers,
inefficient photocurrents were generated which probably affected
their PCE values.

One of the feasible solutions to conquer these problems, i.e. to
get a higher V,. value and a more favorable overlap of the
absorption spectra from both active layer and solar emission, is
to introduce electron donor—acceptor structures to the cores of
bis-terpyridyl ligands. By choosing different electron donors and
acceptors, their absorption edges can be extended due to the
intramolecular charge transfer (ICT) between them and also the
energy band structures, ie., highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
levels, of these materials can be tuned. The incorporation of the
thiophene donor units with benzodiazole acceptor units at the
cores of bis-terpyridyl ligands in Ru(ir)-containing metallo-
polymers to have better photophysical, electrochemical, and
photovoltaic properties are very intriguing and thus to motivate
this study. Here, we report the design, synthesis, properties, and
device applications of Ru(i)-containg metallo-polymers (P1-P3)
containing donor—acceptor (D-A) bis-terpyridyl ligands bearing
different benzodiazole acceptors, including benzothiadiazole,
benzoselenodiazole, and benzoxadiazole cores sandwiched
between symmetrical thiophene and terpyridyl units. By intro-
ducing such D-A structures, broad absorption ranges ca.
300-750 nm and ideal HOMO/LUMO levels of the metallo-
polymers were obtained. The effects of their donor—acceptor
strengths on the electronic and optoelectronic properties were

also investigated. In addition, the PVC devices fabricated by
these bis-terpyridyl ligands (M1-M3) and metallo-polymers
(P1-P3) with [6,6]-phenyl-Cg¢;-butyric acid methyl ester (PCBM)
inserted between a transparent anode (ITO/PEDOT:PSS) and
a cathode (Ca) were explored, and all photovoltaic parameters
obtained are also comparable with the BHJ solar cells fabricated
from ionic polythiophene and Cg.**

Experimental
Materials

All chemicals and solvents were reagent grade and purchased
from Aldrich, ACROS, Fluka, TCI, TEDIA, and Lancaster
Chemical Co. Toluene, tetrahydrofuran, and diethyl ether were
distilled over sodium/benzophenone to keep them anhydrous
before use. Chloroform (CHCI) was purified by refluxing with
calcium hydride and then distilled. If not otherwise specified, the
other solvents were degassed by nitrogen 1 h prior to use.

Measurements and Characterization

'"H NMR spectra were recorded on a Varian Unity 300 MHz
spectrometer using CDCl; and DMSO-dg solvents. Elemental
analyses were performed on a HERAEUS CHN-OS RAPID
elemental analyzer. Thermogravimetric analyses (TGA) were
conducted with a TA Instruments Q500 at a heating rate of 10 °C
min~' under nitrogen. Viscosity measurements were conducted
using 10% weight of metallo-polymer solutions (in NMP) and
compared to measurements made on bis-terpyridyl ligand solu-
tions under the same condition (with viscosity n = 6 cp) on
a BROOKFILEL DV-III+ RHEOMETER system at 25 °C
(100 RPM, Spindle number 4). UV-visible absorption spectra
were recorded in dilute chloroform (for M1-M3) and DMF
(for P1-P3) solutions (10-®* M) on a HP G1103A spectropho-
tometer. The solid films for the solid-state UV-vis measurements
were spin-coated on quartz substrates from chloroform and
DMTF solutions with a concentration of 10 mg mL~" of the bis-
terpyridyl ligands (M1-M3) and polymers (P1-P3), respectively.
UV-vis titrations were performed by taking 10~> M of bis-ter-
pyridyl ligands (M1-M3) in the co-solvent of chloro-
fom : acetonitrile (8 : 2 v/v), and titrated with 50 pL aliquots of
3.9 x 10* M solutions containing metal salts Zn(OAc), in
EtOH. Cyclic voltammetry (CV) measurements were performed
using a BAS 100 electrochemical analyzer with a standard three-
electrode electrochemical cell in a 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPF¢) solution (in acetonitrile) at
room temperature with a scanning rate of 100 mV s~'. During the
CV measurements, the solutions were purged with nitrogen for
30 s. In each case, a carbon working electrode coated with a thin
layer of monomers or polymers, a platinum wire as the counter
electrode, and a silver wire as the quasi-reference electrode were
used, and Ag/AgCl (3 M KCl) electrode was served as a reference
electrode for all potentials quoted herein. The redox couple of
ferrocene/ferrocenium ion (Fc/Fc*) was used as an external
standard. The corresponding HOMO and LUMO levels were
calculated using Eqoy/onset and Ereg/onset fOT experiments in solid
films, which were performed by drop-casting films with similar
thicknesses from THF or DMF solutions (ca. 5 mg mL™").
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Fabrication of PVC device

The photovoltaic (PV) cells in this study were composed of an
active layer of blended bis-terpyridyl ligands (M1-M3) or met-
allo-polymers (P1-P3) with [6,6]-phenyl-Cg¢;-butyric acid methyl
ester (PCBM) in solid films, which were sandwiched between
a transparent indium tin oxide (ITO) anode and a metal cathode.
Prior to the device fabrication, ITO-coated glass substrates
(1.5 x 1.5 cm) were ultrasonically cleaned in detergent, deionized
water, acetone, and isopropyl alcohol sequentially. After routine
solvent cleaning, the substrates were treated with UV ozone for
15 min. Then, a modified ITO surface was obtained by spin-
coating a layer of poly(ethylene dioxythiophene): poly-
styrenesulfonate (PEDOT:PSS) (~30 nm thick). After baking at
130 °C for one hour, the substrates were transferred to
a nitrogen-filled glove box. The PVC devices were fabricated by
spin-coating solutions of blended bis-terpyridyl ligands
(M1-M3) or metallo-polymers (P1-P3):PCBM (1 : 1 w/w) onto
the PEDOT:PSS modified substrates at 1500 rpm for 60 s
(ca. 100 nm), and placed in a covered glass Petri dish. Initially,
the blended solutions were prepared by dissolving both bis-ter-
pyridyl ligands (M1-M3) and PCBM (1 : 1 w/w) in chloroform
(20 mg mL") and both metallo-polymers (P1-P3) and PCBM
(1:1 w/w) in DMF (20 mg mL™"), and followed by continuous
stirring for 12 h at 50 °C. Finally, a calcium layer (30 nm) and
a subsequent aluminium layer (100 nm) were thermally evapo-
rated through a shadow mask at a pressure below 6 x 10~° Torr,
where the active area of the device was 0.12 cm?. All PVC devices
were prepared and measured under ambient conditions. The
solar cell testing was done inside a glove box under simulated
AM 1.5G irradiation (100 mW cm~2) using a Xenon lamp based
solar simulator (Thermal Oriel 1000W). The light source was
a 450 W Xe lamp (Oriel Instrument, model 6266) equipped with
a water-based IR filter (Oriel Instrument, model 6123NS). The
light output from the monochromator (Oriel Instrument, model
74100) was focused onto the photovoltaic cell under test.

General synthetic procedure for bis-terpyridyl ligands (M1-M3)

M1-M3 were prepared via a Stille coupling reaction using tet-
rakis(triphenylphosphine)palladium as a catalyst. In a flame
dried two-neck flask, 1.00 eq. of dibromo compounds (5a—5c)
and 2.50 eq. of compound 2 in toluene were degassed with
Argon. Then, 0.03 eq. Pd(PPh3), was added and refluxed for
2 days. The reaction mixtures were cooled to room temperature,
and the solvents were removed by reduced pressure. After
removal of the solvents, the product was precipitated from
methanol. Further purification was achieved by column chro-
matography on alumina with chloroform as an eluant to give the
products.

MI1. According to the above-mentioned general procedure,
M1 was obtained as a purple solid (yield: 68%). 'H NMR
(CDCl;, 300 MHz, 8): 8.77 (d, / = 4.2 Hz, 4H), 8.63 (m, 8H), 7.91
(s, 2H), 7.85(dd, J = 7.8 Hz, J = 1.8 Hz, 4H), 7.72 (S, 2H), 7.69
(d, J=3.9 Hz, 2H), 7.35(dd, J = 7.8 Hz, J = 1.8 Hz, 4H), 7.22
(d, J =3.9 Hz, 2H), 2.87(t, J = 6.9 Hz, 4H), 1.75 (m, 4H), 1.40-
1.29 (m, 12H), 0.93 (t, J = 5.4 Hz, 6H). *C NMR (CDCl;,
75 MHz, 3): 156.29, 149.43, 149.35, 143.29, 141.28, 138.26,
137.10, 132.95, 132.09, 130.91, 129.51, 128.83, 126.60, 125.47,

124.16, 121.54, 117.84, 116.94, 31.96, 30.69, 29.98, 29.55, 22.90,
14.36. MS (FAB): m/z [M+] 1096; caled m/z [M+] 1095.49.
Element anal. caled for Cg4Hs4NgSs: C, 70.17; H, 4.97; N, 10.23;
found: C, 69.51; H, 5.26; N, 10.15.

M2. According to the above-mentioned general procedure,
M2 was obtained as a black solid (yield: 63%). "H NMR (CDCls,
300 MHz, d): 8.74 (d, J = 4.2 Hz, 4H), 8.61 (m, 8H), 7.85 (dd, J =
7.8 Hz, J = 1.8 Hz, 4H), 7.78 (s, 2H), 7.67 (d, J = 3.9 Hz, 2H),
7.62 (s, 2H), 7.35(dd, J = 7.8 Hz, J = 1.8 Hz, 4H), 7.19 (d, J =
3.6 Hz, 2H), 2.84 (t, J = 6.9 Hz, 4H), 1.74 (m, 4H), 1.40-1.29
(m, 12H), 0.93 (t, J = 5.4 Hz, 6H). *C NMR (CDCls, 75 MHz,
d): 158.41, 156.22, 149.31, 143.22, 141.15, 140.79, 138.44, 137.83,
137.05, 132.93, 130.51, 127.98, 126.54, 125.44, 124.11, 121.67,
117.84, 116.88, 31.99, 30.63, 29.98, 29.61, 22.93, 14.39. MS
(FAB): m/z [M+] 1143; calcd m/z [M+] 1142.39. Element anal.
caled for CgyHs4NgSsSe: C, 67.29; H, 4.76; N, 9.81; found:
C, 66.77; H, 5.30; N, 9.63.

M3. According to the above-mentioned general procedure,
M3 was obtained as a dark purple solid (yield: 76%). '"H NMR
(CDCl3, 300 MHz, d): 8.75 (d, J=4.2 Hz, 4H), 8.69 (m, 8H), 7.96
(s,2H), 7.87(dd, J=7.2Hz, J= 1.8 Hz,4H), 7.73 (d, / = 3.6 Hz,
2H), 7.50 (s, 2H), 7.37 (dd, J = 6.9 Hz, J = 1.2 Hz, 4H),
7.25(d, J = 3.9 Hz, 2H), 2.88 (t, J = 7.2 Hz, 4H), 1.78 (m, 4H),
1.40-1.29 (m, 12H), 0.93 (t, J = 6.9 Hz, 6H). *C NMR (CDCl;,
75 MHz, 3): 155.72, 148.96, 148.35, 143.10, 141.16, 138.10,
137.36, 133.05, 132.09, 130.68, 129.41, 128.63, 126.85, 125.28,
122.94, 121.61, 117.69, 116.97, 31.98, 30.60, 30.03, 29.60, 22.94,
14.38. MS (FAB): m/z [M+] 1078; caled m/z [M+] 1078.33.
Element anal. calcd for CgHssNgS,O: C, 71.21; H, 5.04; N,
10.38; found: C, 70.75; H, 5.21; N, 10.11.

General synthetic procedure for metallo-polymers (P1-P3)

In a flame dried flask, a mixture of RuCls-3H,0O (0.11 mmol) and
AgBF, (0.38 mmol) was refluxed for 2 h in acetone (15 mL).
After cooling to room temperature, the precipitated AgCl was
filtered off, and the obtained solution was evaporated to dryness.
The remaining solid was redissolved in n-butanol (15 mL), and to
this solution, bis-terpyridyl ligand M1, M2, or M3 (0.1 mmol)
was added, and the resulting solution was refluxed for 5 days. As
soon as the precipitation of the formed polymer was observed,
a small portion of DMA was added to the mixture (£ = 20 mL)
to redissolve the product. Finally, an excess of NH4PF4 (50 mg in
20 mL DMA) was added to the hot solution and stirring was
continued for 1 h. The resulting solution was poured dropwise
into methanol (200 mL). The precipitated metallo-polymer
product was filtered off and washed with methanol (200 mL).
Further purification was achieved by repetitively dissolving the
metallo-polymer in NMP (2 mL) followewd by precipitation
from diethyl ether. Finally, the products were dried under
vacuum at 40 °C for 24 h.

P1. According to the above-mentioned procedure, metallo-
polymer P1 was obtained as a dark solid (yield: 66%). '"H NMR
(DMSO-dg, 300 MHz, 3): 9.36 (br, 4H), 9.12 (br, 4H), 8.52
(br, 2H), 8.24 (br, 8H), 7.67 (br, 6H), 7.31 (br, 4H), 3.05 (br, 4H),
1.86 (br, 4H), 1.25-1.40 (br, 12H), 0.92 (br, 6H).

P2. According to the above-mentioned procedure, metallo-
polymer P2 was obtained as a dark solid (yield: 58%). '"H NMR
(DMSO-dg¢, 300 MHz, 3): 9.36 (br, 4H), 9.12 (br, 4H),
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8.48 (br, 2H), 8.14 (br, 8H), 7.68 (br, 6H), 7.30 (br, 4H), 3.08 (br,
4H), 1.83 (br, 4H), 1.20-1.53 (br, 12H), 0.91 (br, 6H).

P3. According to the above-mentioned procedure, metallo-
polymer P3 was obtained as a dark solid (yield: 77%). '"H NMR
(DMSO-dg, 300 MHz, 3): 9.39 (br, 4H), 9.13 (br, 4H), 8.54 (br,
2H), 8.10 (br, 8H), 7.65 (br, 6H), 7.33 (br, 4H), 2.94 (br, 4H),
1.83 (br, 4H), 1.20-1.53 (br, 12H), 0.89 (br, 6H).

Results and discussion
Synthesis and structural characterization

The general synthetic routes of ditopic bis-terpyridyl ligands
(M1-M3) and metallo-polymers (P1-P3) are shown in Scheme 1.
The ditopic bis-terpyridyl monomers in which, acceptor spacer
units sandwiched in between two hexyl thiophene units were
synthesized in multistep procedures. Detail synthesis and char-
acterization are described in the supporting information.T 4’-(2-
Bromo-5-thienyl)-2,2’,6',2""-terpyridine (1) was prepared by the
modified method described in the literature,” then tributyltin
group was introduced using a palladium(0) catalyzed reaction of
compound 1 with excess bis-(tributyltin). Hexyl-thiophene units
were added to both sides of each acceptor units through the
Suzuki coupling reaction between 2-(4-hexylthiophen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2) and dibromo arenes
(3a—3c) in the presence of a catalyst Pd(PPhs),. Then these
compounds were brominated with NBS to produce compounds
5a-5¢. The aromatic dibromides 5a—5c¢ were reacted with two
equivalents of 4'-(5-tributylstannanyl-thiophen-2-yl)-
[2,2/;6',2" terpyridine (2) under Pd°-catalyzed Stille cross-
coupling conditions to form ditopic bis-terpyridyl ligands
(M1-M3). After precipitation from methanol and column
chromatographic purification, the bis-terpyridyl ligands

Ny
N /
— Br
N ’ Pd{PPh;)s
A (SnBus),
N= Toluene
N/

CeH X,
B_(j/ 813 N N
CeHia.. CeHaz CeHia A CeHiz
ng' I j NBS, THFE /s |
Br

K>CO; (aq), Toluene
Pd{PPh3);

X=S 4a X=8 &a
s 3 Se 4b Se 5b
o 3c 0 4e o 5¢c
Pd(PPh.
Sasc + 2 —orruly
Toluene
RUCI/AgBF 4/

Acetone
M1-M3

NH,PF

Scheme 1 Synthetic route for bis-terpyridyl ligands (M1-M3) and
Ru(i)-containing metallo-polymers (P1-P3).

(M1-M3) were obtained in moderate to good yields and fully
characterized by '"H NMR, *C NMR, MS spectroscopy, and
elemental analysis.

The synthesis of Ru(i1)-based metallo-polymers (P1-P3) is also
depicted in Scheme 1. The metallo-polymerization by self-
assembly was carried out according to the methods described in
the literature.’ In a typical polymerization process, an appro-
priate quantity of ruthenium trichloride was activated by
de-chlorinating with AgBF, in acetone. The resulting hexa-
acetone Ru(mr) complex was reacted with exactly 1 equiv. of bis-
terpyridyl ligands M1-M3 in n-butanol/DMA for 5 days, which
involved a reduction of Ru(in) to Ru(ir) with the chain growth
process using the n-butanol solvent itself as a reducing agent. The
resulting metallo-polymers (P1-P3) were purified by repetitive
precipitation from NMP in diethyl ether and dried in vacuum,
leading to homopolymers P1-P3 (yield: 58-78%). The resulting
highly linear rigid polymer containing charged metal ions
exhibited reduced solubility in common organic solvents as
compared with the terpyridyl ligands M1-M3, but were soluble
in highly polar aprotic solvents, e.g., DMSO, DMF, NMP, or
DMA.

Fig. 1 shows '"H NMR spectra in the aromatic regions of
ligands and metallo-polymers. As a result of metallo-polymeri-
zation, broadened signals of bis-terpyridyl ligands, as well as the
absence of the signals from the uncomplexed terpyridyl units
were observed. Furthermore, clear and dramatic downfield shifts
of the (5,5"")-, (4,4")-, (3,3")-, and (3',5)-terpyridyl signals and
upfield shifts of the (6,6")- signals were observed upon poly-
merization, which are consistent with the reported literature.?
The assignments of terpyridyl signals are shown in Fig. 1 based
on those reported for Ru(ir) model complexes.*®* Due to the lack
of end group-signals in the "H NMR spectra and also considering
the limit of NMR spectroscopy, the formation of cyclic oligo-
mers can be discarded and the synthesized metallo-polymers
should consist of more than 30 repeating units.’** Hence, the
molar masses of P1-P3 were estimated to be higher than 30000 g
mol~'. To further confirm the formation of supramolecular
metallo-polymers, the relative viscosity measurements of

-

55"
PEV 66"
447
P1
33"
65 | 35 a4 55
w Ja

87 X3 23
Chemical shift (ppm)

Fig. 1 'H NMR spectra (aromatic region) of bis-terpyridyl ligands
M1-M3 (in CDCl;) and metallo-polymers P1-P3 (in DMSO-d¢). The
signals belonging to the terpyridyl moiety are assigned in the represen-
tative ligand M1 and polymer P1, and the other signals correspond to the
m-conjugated spacer. For all spectra: 300 MHz, room temperature.
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polymers to bis-terpyridyl ligands were evaluated. For this
purpose, solutions of bis-terpyridyl ligands M1-M3 (10 wt%) in
NMP with viscosities n = 6-7 cp at 25 °C were taken as refer-
ences to dertermine the viscosities of the metallo-polymers
(P1-P3). As shown in Table 1, P1-P3 (with n = 9-11 cp)
exhibited viscosity 1.50-1.66 times larger than their corre-
sponding bis-terpyridyl ligands M1-M3, which is in good
agreement with similar reports known from the literature.!V>15-2!

The thermal properties of the bis-terpyridyl ligands M1-M3
and metallo-polymers P1-P3 were determined by thermogravi-
metric analysis (TGA) at a heating rate of 10 °C min~' under
nitrogen and are shown in Fig. 2 and summarized in Table 1. The
TGA thermograms revealed decomposition temperatures (7y)
(5% weight loss) of the bis-terpyridyl ligands and polymers were
in the range of 369404 and 431-438 °C, respectively. All bis-
terpyridyl ligands and polymers demonstrated the same
appearance of two degradation temperatures. In contrast to bis-
terpyridyl ligands, polymers exhibited slightly enhanced thermal
stability due to the increased rigidity of main-chain structures in
metallo-polymers.

UV-visible titration

UV-vis titration experiments were carried out to verify the
formation of metallo-polymers from bis-terpyridyl ligands
(M1-M3). As kinetic studies by titration are too slow to detect
Ru(m)-containing metallo-polymers, which require heat and
relatively long reaction times, these techniques could not be
applied to the development of P1-P3. In our previous reports,
"H-NMR and UV-vis absorption titration experiments were
proceeded to characterize Zn(i)-based metallo-polymers,'®
where the formation of linear metallo-polymers were controlled
by the exact stoichiometric ratios of the metal ions (Zn**) and
bis-terpyridyl ligands. Therefore, the same technique is chosen to
gain a further insight into the self-assembly mechanism of
M1-M3 towards metallo-polymers, and the related titration data
are depicted in Fig. 3. Upon the stepwise addition of Zn** to
a solution of bis-terpyridyl ligand M1, the absorption spectra
revealed the gradual emergence of an absorption band at 325 nm
along with the disappearance of an absorption band at 380 nm.
Furthermore, a red-shifted absorption band ca. 280 nm along
with two isosbestic points (ca. 351 and 416 nm) were observed,
which suggests that equilibrium occurred among a finite number
of spectroscopically distinct species. The titration curve
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Fig. 2 TGA thermograms of bis-terpyridyl ligands (M1-M3) and

metallo-polymers (P1-P3) at a heating rate of 10 °C min~' under
nitrogen.

(Fig. 3, inset) showed a linear increase and a sharp end point at
a ratio of 1:1 (Zn**:M1), indicating the formation of Zn()-
based metallo-polymers. New absorption peak observed at
325 nm could be attributed to the intra-ligand charge transfer
(ILCT) in Zn(11)-based metallo-polymers.?* The same trends were
observed in the bis-terpyridyl ligands M2 and M3 (see the sup-
porting informationt). Thus, the results of all the titration
experiments performed for bis-terpyridyl ligands (M1-M3) with
Zn*" jons are consistent with the fact that, ata 1 : 1 ratio of Zn?*
ions and the ditopic ligands, supramolecular assemblies of met-
allo-polymers have formed, where each Zn?* ion is complexed
with two bis-terpyridyl ligands, and the resulting repeating unit
of bis-terpyridyl-Zn** in metallo-polymers can be considered as
the origin of the observed electronic transitions.

Optical properties

The photophysical characteristics of the bis-terpyridyl ligands
(M1-M3) and metallo-polymers (P1-P3) were investigated by
ultraviolet-visible (UV-vis) absorption spectroscopy in dilute
solutions (10-® M) and spin-coated films on quartz substrates.
Fig. 4 shows the absorption spectra of M1-M3 and P1-P3 in

Table 1 Optical, thermal, and viscosity properties of bis-terpyridyl ligands (M1-M3) and metallo-polymers (P1-P3)

Compound nlcp” T4°Ct Aabs sol/NM Aubs,mm/nmd Aonsed/ M E, "V
M1 7 369 280, 381, 514 285, 415, 566 698 1.77
M2 6 404 281, 396, 553 286, 428, 602 744 1.66
M3 6 401 280, 378, 520 287, 422, 572 702 1.76
P1 11 431 278, 318, 335,550, 576 282, 320, 335, 554, 605 710 1.74
P2 9 438 278, 318, 335, 551, 596 280, 321, 335, 554, 638 761 1.63
P3 10 432 278, 318, 335, 549, 572 282, 321, 335, 554, 606 713 1.73

“ The viscosities of polymers (10% in weight) in NMP solutions at 25 °C (100 rpm, Spindle number 4) were determined by a rheometer system. Solutions
of bis-terpyridyl ligands M1-M3 (10% in weight) in NMP were used as references to determine the viscosities of the corresponding metallo-polymers.

® The decomposition temperatures () (5% weight loss) were determined by TGA with a heating rate of 10 °C min

" under a N, atmosphere.

¢ Concentration of 10=° M in chloroform for M1-M3 and 10=° M in DMF for P1-P3. ¢ Spin coated from solutions on quartz substrates. ¢ Optical
band gaps were estimated from the absorption spectra in films by using the equation E; = 1240/ 4.
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Fig. 3 UV-vis absorption spectra acquired upon the titration of bis-
terpyridyl ligand M1 (in 2:8 v/v CH3CN-CHCIl;) with Zn(OAc),
(in EtOH). The inset shows the normalized absorption at 325 nm as
a function of Zn>*:M1.

solutions as well as in solid films, and their optical data, including
the absorption wavelengths (A,ps) and optical band gaps (E£,°"),
are also summarized in Table 1. The absorption spectra of
ditopic ligands M1-M3 showed three intense band regions,
where the band ca. 280 nm was associated with the characteristic
T—7t* transitions of the terpyridine moieties*® and the low energy
peaks ca. 380 nm and 514-553 nm (with tailing around 700 nm)
were due to the m—m* transitions and intramolecular charge
transfer (ICT) occurring inside the m-conjugated systems.
Compared with solutions, these two longer wavelength bands
were red-shifted in the solid films (ca. 34 nm and 52 nm,
respectively), which could be attributed to the strong interchain
associations and aggregations in solids. Due to the larger size and
smaller electronegativity of the selenium (Se) atom compared to
those of both S and O atoms in benzodiazole acceptors, the bis-
terpyridyl ligand M2 showed the most pronounced bath-
ochromic shift of the absorption maximum and, thereby,
a smaller optical energy bandgap (1.66 eV) than the other bis-
terpyridyl ligands (1.77 and 1.76 eV for MI and M3, respec-
tively). In all the bis-terpyridyl ligands, the acceptor moieties are
sandwiched between thiophene units, resulting in more planar
structures to facilitate inter-chain associations and strong ICT
interactions between thiophene donors and benzodiazole
acceptors,? so their absorption spectra covered a broad range. In
contrast to the recently published bis-terpyridyl monomers
containing acceptor moieties,** our terpyridyl ligands (M1-M3)
showed stronger red shifts in the absorption spectra with smaller
optical band gaps due to the stronger ICT interactions, which are
highly essential for the PVC devices to increase the photo-current
generations.

Metal-ligand coordination, ie., formation of metallo-poly-
mers (P1-P3), can also be easily confirmed through UV-vis
absorption spectroscopy. In ruthenium-containing metallo-
polymers, self-assembly induced by metal ions is readily observed
by the occurrence of an additional absorption band (metal-to-
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Fig. 4 Normalized UV-vis spectra of bis-terpyridyl ligands (M1-M3)

and metallo-polymers (P1-P3). (a) In dilute (10-° M) solutions and (b) in
solid films.

ligand charge-transfer, i.e., MLCT) at 490-560 nm,*** which
was derived from the promotion of an electron from the metal
(Ru(in))-centered d-orbital to unfilled ligand-centered 7v* orbitals.
All thet hmetallo-polymers P1-P3, showed the ligand-centered
-7t transitions between terpy moieties and central chromo-
phores (thiophene donors and benzodiazole acceptors) situated
ca. Aaps < 350 nm. The metal-to-ligand charge transfer (MLCT)
bands were in the range of 550-554 nm in these coordination
polymers (P1-P3), and a strong bathochromic effect in MLCT
was observed due to the presence of benzodiazole acceptors
inserted between thiophene units as the central cores.’® The
absorption peaks beyond 550 nm were attributed to the stronger
ICT interactions inside the bis-terpyridyl ligands. It is worth
noting that compared with the other Ru(ir)-containing metallo-
polymers,* our metallo-polymers showed extended absorption
beyond MLCT. Due to the long absorption range of these met-
allo-polymers, they possessed small optical band gaps in the
range of 1.63-1.74 eV. Similar to bis-terpyridyl ligands, low
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energy absorption wavelengths (4,,s) in solid films (ca. 605—
638 nm) of metallo-polymers P1-P3 were red shifted (29-42 nm)
in comparison with those in solutions (572-596 nm), which could
be also attributed to the strong interchain associations and
aggregations in solids. Compared with bis-terpyridyl ligands
(M1-M3) in both solutions and solid films, the maximum
absorption wavelengths (4,»s) of metallo-polymers (P1-P3)
exhibited stronger bathochromic shifts due to the formation of
linear and rigid metallo-polymers.

Electrochemical properties

The redox behavior and electronic states, ie., HOMO and
LUMO levels, of the bis-terpyridyl ligands (M1-M3) and their
corresponding Ru(ir)-containing metallo-polymers (P1-P3) were
investigated by cyclic voltammetry (CV) measurements to
understand the energy band structures of associated materials
used in the PVC devices. The cyclic voltammograms of bis-ter-
pyridyl ligands M1-M3 and metallo-polymers P1-P3 in solid
films are displayed in Fig. 5 and the related CV data (formal
potentials, onset potentials, HOMO and LUMO levels, and band
gaps) are summarized in Table 2. Ag/AgCl served as the refer-
ence electrode and it was calibrated by ferrocene (Exrc/rc) =
0.45 eV versus Ag/AgCl). The HOMO and LUMO levels were
estimated by the oxidation and reduction potentials from the
reference energy level of ferrocene (4.8 eV below the vacuum
level) according to the following equation:'® Eyomo/ELumo =
[_(Eonsct — Lonset(FC/FC+ vs. Ag/Ag*)) - 48] eV where 4.8 eV is
the energy level of ferrocene below the vacuum level and
Eonset(FC/FC vs. Agiagy = 0.45 eV. All bis-terpyridyl ligands
(M1-M3) exhibited two p-doping/dedoping (oxidation/rere-
duction) processes at positive potentials and one n-doping/
dedoping (reduction/reoxidation) process at negative potentials.
The onset oxidation potentials (Eoxonset) Were the same for
M1-M3 ca. 0.88 V, and two of their formal oxidation potentials
were in the range of 1.05-1.15 V and 1.28-1.34 V. In addition, the
onset reduction potentials (Eed/onset) Of M1-M3 were in the
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Fig. 5 Cyclic voltammograms of bis-terpyridyl ligands (M1-M3) and
metallo-polymers (P1-P3) at a scan rate of 100 mV s™".

range of (—0.85)—-(—0.93) V and their formal oxidation potentials
were in the range of (—1.03)-(—1.15) V. From the onset oxida-
tion potentials (Eyyonser) and onset reduction potentials
(Ered/onset) Of bis-terpyridyl ligands M1-M3, the estimated
HOMO levels were at ca. —5.24 eV and LUMO levels were in the
range of (—3.42)—(—3.50) eV. The similar values in the HOMO
levels of these ligands suggest that different electron-deficient
center units have almost no effect on their oxidation potentials,
but the reduction potentials of these ligands behave quite
differently. The LUMO levels are clearly affected by the electron-
deficient centers of the ligand cores, a stronger electron-deficient
unit resulting in a lower LUMO energy level.2*

All Ru(mr)-containing metallo-polymers (P1-P3) exhibited two
reversible or quasi-reversible oxidation peaks in the range of
1.00-1.02 V and 1.51-1.57 V, respectively. In agreement with the
literature, these waves were attributed to the metal localized
oxidation (corresponding to the II/III redox transition) and
redox transitions across the bridging ligands, respectively.!7*¢
These polymers also showed one reduction process at ca. 1.08 V,
which was assigned to the ligand-based reduction.'**'* From the
onset oxidation potentials (Eoxonsets ¢a. 0.77 V) and onset
reduction potentials (Ejeq/onsers Detween 0.73 and 0.79 V) of
metallo-polymers, the estimated HOMO levels were at ca.
—5.11 eV and LUMO levels were between —3.56 and —3.62 eV.
Apparently, the HOMO levels in these metallo-polymers stayed
relatively constant while the LUMO levels were tuned by varying
the electron withdrawing aromatic substituents on the bis-ter-
pyridyl ligands.”” Again, compared with the bis-terpyridyl
ligands, the HOMO levels of metallo-polymers were enhanced by
ca. 0.12 eV. As a result, their band gaps decreased to give narrow-
band-gap metallo-polymers. The electrochemical band gaps
(E,™) calculated from Ey* = e(Eoxjonset — Ered/onset) Were 1.56,
1.49, and 1.54 eV for P1-P3, respectively. All these electro-
chemical characteristics are within the desirable range of ideal
materials to be utilized in the organic photovoltaic applications.

Photovoltaic properties

To investigate the potential use of bis-terpyridyl ligands M1-M3
and their Ru(i)-containing metallo-polymers P1-P3 in PVCs,
the bulk hetero-junction (BHJ) solar cell devices comprising
blends of these compounds as electron donors and [6,6]-phenyl-
Cg1-butyric acid methyl ester (PCBM) as an electron acceptor in
their active layer were fabricated with a configuration of ITO/
PEDOT:PSS(30 nm)/M1-M3 or P1-P3:PCBM blend (~80 nm)/
Ca(30 nm)/Al(100 nm) and measured under AM 1.5 stimulated
solar light. The blended solutions were prepared from
compounds and PCBM in a weight ratio of 1:1 (w/w) from
chloroform solutions of M1-M3 and from DMF solutions of
P1-P3. The current density (J) versus voltage (V) curves of the
PVCs are shown in Fig. 6, where the open circuit voltage (V,.),
short circuit current density (Jy,.), fill factor (FF), and the PCE
values are summarized in Table 3. In all PVC devices, the
thickness of the active layer was kept at ca. 80 nm, which has the
optimum performance due to the balance in optical absorption
and serial resistance of the blended film.

Among bis-terpyridyl ligands M1-M3, the highest PCE value
of 0.13% was obtained from the device containing an active layer
of M1:PCBM (1 : 1 w/w) with V,.=0.43V, J,. = 0.97 mA cm2,

1202 | J. Mater. Chem., 2011, 21, 1196-1205

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0jm02532a

Published on 29 November 2010. Downloaded by National Chiao Tung University on 25/04/2014 02:48:02.

View Article Online

Table 2 Electrochemical properties of bis-terpyridyl ligands (M1-M3) and metallo-polymers (P1-P3)“

Oxidation potential/V vs.

Reduction potential/V vs.

Ag/Ag" Ag/Ag" Energy level‘/eV Band gap/eV
Compound on/onselb on/o( Ered/onselb Ered/oc HOMO LUMO Egcc Egﬁpl
M1 0.89 1.15, 1.28 —0.93 —1.12 —5.24 —3.42 1.82 1.77
M2 0.88 1.05, 1.34 —0.85 —1.03 —5.23 —3.50 1.73 1.66
M3 0.89 1.13, 1.31 —0.92 —1.15 —5.24 —3.43 1.81 1.76
P1 0.77 1.01, 1.57 —0.79 —1.08 —5.12 —3.56 1.56 1.74
P2 0.76 1.00, 1.51 —0.73 —1.06 —5.11 -3.62 1.49 1.63
P3 0.77 1.02, 1.57 —0.77 —1.12 -5.12 —3.58 1.54 1.73

@ Reduction and oxidation potentials measured by cyclic voltammetry in solid films. > Onset oxidation and reduction potentials. ¢ Formal oxidation and
reduction potentials. ¢ Eqomol ELumo = [—(Fonset — 0.45) — 4.8] eV, where 0.45 V is the value for ferrocene vs. Ag/Ag* and 4.8 eV is the energy level of

ferrocene below the vacuum.
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Fig. 6 Current-voltage curves of BHJ solar cells using blended films of
M1-M3 or P1-P3:PCBM (1 : 1 w/w) under the illumination of AM 1.5G,
100 mW cm™2.

and FF = 31.8%. It can be seen from Fig. 6 and Table 3 that the
devices made from ligands M1-M3 were limited by low J,.
values, which may be due to less creation and dissociation of
excitons at the BHIJ interfaces followed by transport of free
charge carriers towards the collecting electrodes.?® However,
higher J,. values were obtained when the active layers were
fabricated from metallo-polymers P1-P3. With the similar
values of V. (0.42-0.61 V) and FF (30.2-34.1%) in the devices
containing metallo-polymers P1-P3:PCBM (1:1 w/w), it is

Table 3 Photovoltaic properties of a BHJ solar cell device with
a configuration of ITO/PEDOT:PSS/compound:PCBM/Ca/Al”

Active layer[’(compound:PCBM) VoV JedmA cm=2 FF (%) PCE (%)

M1 0.43 097 31.8  0.13
M2 036 0.55 28.8  0.06
M3 0.40 0.34 320 0.04
P1 0.61 2.18 34.1 0.45
P2 042 1.14 302 0.14
P3 0.58 1.14 333 022

@ Measured under AM 1.5 irradiation, 100 mW cm~2. ° Active layer with
the weight ratio of Compound:PCBM =1: 1.

evident that their variations of PCE values (0.45, 0.14, and 0.22,
respectively) were mainly dependent on the J. values (2.18, 1.14,
and 1.14 mA cm™2, respectively). Among PVC devices containing
metallo-polymers P1-P3, the device containing P1 exhibited the
highest PCE value of 0.45% with J, (2.18 mA cm™),
Voe (0.61 V), and FF (34.1%).

Among the PVC devices containing metallo-polymers
P1-P3:PCBM (1 : 1 w/w), P1 demonstrated a higher J. values
compared to P2 and P3, this could be explained by their EQE
curves (see Fig. S10 in the supporting informationt). It is evident
from the EQE curves that, though all devices exhibited similar
EQE values in the short wavelength (ca. 400 nm) region but P1
exhibited higher EQE value at the long wavelength (ca. 600 nm)
region, this could be the main reason for the higher J. value of
the PVC cell containing P1. In BHJ solar cell devices, the
absorptions of the long wavelength region are contributed from
polymers, and the absorptions in the short wavelength region are
mainly from PCBM. The low EQE values in the low-energy
absorption bands as well as the high-energy absorption bands in
these polymer blends may be due to their poor dissociation of
excitons. Therefore, if the EQE values of the devices can be
enhanced by increasing the thickness of the active layer without
hampering charge separation and transport properties, then the
device performances can be improved significantly. Low EQE
values can also be observed in some other LBG polymer systems
and this problem can be solved by developing new electron
acceptor materials.

To the best of our knowledge, compared with all reported
heterojunction PVC devices fabricated from terpyridine-con-
taining Ru(i)-metallo-polymers as the active layer,'® our device
containing metallo-polymer P1 demonstrated the highest PCE
value (0.45%), which probably due to the presence of electron
donor and acceptor moieties at the core of bis-terpyridyl units in
P1 with the stronger ICT and the broadening of the sensitization
range. The reported devices with lower PCE values were because
their low V. values arose from the relatively high HOMO levels,
which caused losses due to the limited numbers of photo-gener-
ated charges induced by incomplete quasi-Fermi level split-
tings.” To conquer these problems, layer-by-layer (LBL)
deposition techniques of Ru(i)-containing polymers with
sulfonated polyaniline (SPAN) were utilized, but these tech-
niques were limited by photocurrents.'®”'” With polymers as
solid polyelectrolytes, Mwaura et al. also fabricated LBL devices
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by incorporating 50 bilayers of poly(phenylene ethynylene)-based
polyanions with cationic C4o—NH;3* with a total thickness of 50
nm to obtain a maximum PCE value only up to 0.04%.%° In our
case, all the metallo-polymers were in the ideal ranges of HOMO
and LUMO to be utilized for BHJ solar cells, so BHJs with P1-
P3 were used to obtain high photocurrents.?* Compared with the
BHI solar cells fabricated from ionic polythiophene and Cg,'
our PVC device made from P1 exhibited a higher Jy. value (2.18
vs. 0.97 mA c¢cm~?) with a similar V,,. value (0.61 vs. 0.67 V), but
a similar or little higher PCE value (0.45 vs. 0.43) was obtained
due to the limited FF value (34.1 vs. 53%). No significant
improvements of PCE values in device performance were
observed by changing the PCBM ratio (due to the lower solu-
bility of metallo-polymers P1-P3 in PCBM compared to DMF).
Finally, the device efficiencies of these metallo-polymers are
lower than those of neutral polymer-based solar cells, such as
P3HT-PCBM, but the highest PCE value of our PVC device
containing P1 is reported among all ionic conjugated polymer-
based solar cells so far.

Conclusions

In summary, a series of m-conjugated bis-terpyridyl ligands
bearing donor—acceptor units and their corresponding Ru(ir)-
containing main-chain metallo-polymers were developed and
synthesized. The formation of the metallo-polymers were
confirmed from the broadened '"H NMR signals, relative vis-
cocity measurements, and UV-vis titration experiments.
Apparently, the electro-optical properties of the bis-terpyridyl
ligands as well as the metallo-polymers were strongly influenced
by the nature of the attached 7t-conjugated donor—acceptor units
and some distinct differences in electro-optical properties were
observed between ligands and their analogous metallo-polymers.
Because of the broader sensitization of donor—-acceptor design in
M1-M3 and P1-P3, they exhibited higher J,. values. In addition,
owing to the strong intramolecular charge transfers inside the
bis-terpyridyl units of M1-M3 and P1-P3, their HOMO levels
were tuned to get higher V,. values. An optimum PVC device
based on the blended polymer P1:PCBM =1 : 1 (w/w) achieved
the PCE value up to 0.45%, with V,. = 0.61 V, J,. = 2.18 mA
cm 2, and FF = 34.1% (under AM 1.5 G 100 mW cm ), and
those values are comparable with BHJ solar cells fabricated from
ionic polythiophene and Cgy. These metallo-polymers demon-
strate a novel family of conjugated polyelectrolytes with the
highest PCE value towards potential PVC applications.
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