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Four novel metallo-polymers (P1eP4) containing aryl-imidazo-phenanthrolines (AIP) ligands (in-
corporated with phenyl and fused-thiophene cores) were synthesized and characterized. Interestingly,
P1eP4 exhibited electrochromism during the oxidation processes of cyclic voltammogram studies. In
addition, P1eP4 were blended with surface-modified pyridyleZnO nanoparticles (ZnOpy as proton
acceptors) to form nanocomposites, where P3eP4 were functionalized with carboxylic acid pendants (as
proton donors) on the polymer backbones to study for the H-bonded effects on surface-modified ZnOpy
nanoparticles. In order to investigate the nanocomposites containing metallo-polymers P1eP4 and
surface-modified ZnOpy nanoparticles, nanocomposites P1eP4/ZnOpy were characterized by UVevi-
sible (UV) absorption spectra, Fourier transform infrared (FT-IR), photoluminescence (PL) spectra, time-
resolved photoluminescence decays, X-ray diffraction (XRD) measurements, and transmission electron
microscopy (TEM) analyses. In contrast to nanocomposites P1/ZnOpy and P2/ZnOpy, higher crystallin-
ities with a distinct layered-structure of H-bonded nanocomposites P3/ZnOpy and P4/ZnOpy in XRD
measurements were induced by the introduction of surface-modified ZnOpy nanoparticles to metallo-
polymers P3 and P4, correspondingly. Furthermore, due to the supramolecular interactions of surface-
modified ZnOpy nanoparticles with metallo-polymers P3eP4, TEM images verified that ZnOpy nano-
particles were more homogeneously distributed in nanocomposites P3eP4/ZnOpy (with H-bonds) than
those in P1eP2/ZnOpy (without H-bonds), respectively.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Metaleligand coordination seems to be particularly attractive in
past few decades because of searching for new smart materials.1e3

In recent years, the researches on supramolecular metallo-
polymers applied to electro-optical materials have been com-
monly conducted, because the advantages of these materials, such
as easy processability, cheap fabrication, rapid coordination, and
tunability of the optical band gap, can promote long-range elec-
trons or energy transfers.4 Supramolecular metallo-architecture is
formed with coordination ability of transition metal ions and
chelating ligands because of their self-recognition and self-
assembly.5e7 Moreover, metaleligand complexes realized ideal
conditions from self-assembly to form the kinetically labile but
nevertheless thermodynamically stable bonds.8 In the meanwhile,
metallo-polymers are also good candidates to study for their elec-
trochromic properties during the redox processes.9
305; fax: þ886 3 5724727;
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2,20:60,200-Terpyridine(terpy), diaminopyridine (dap), bis(por-
phyrin)pyrazines, and bipyrdine (bpy) derivatives have been uti-
lized recently for multinuclear supramolecular interactions.10e13 In
this context, bipyrdine derivatives (i.e., 1H-imidazo[4,5-f][1,10]
phenanthrolines)14 with metaleligand coordination seem to open
an alternative path to produce conjugated polymers, and aryl-
imidazo-phenanthroline ligands are ideally suitable for the con-
struction of coordination polymers. Additionally, the easy synthetic
access of aryl-imidazo-phenanthroline ligands offers the con-
struction of perfect rods or dendrimers in coordination polymers.
1H-Imidazo[4,5-f][1,10]phenanthroline is one of the metaleligand
combination units that have been of particular importance for the
construction of metallo-supramolecular polymers. During the
process of light emission in the fully conjugated metallo-polymers,
it was confirmed that the phenomenon of metal to ligand charge
transfer (MLCT) occurred in 1H-imidazo[4,5-f][1,10]phenan-
throlineeRu(II) moieties. A series of aryl-imidazo-phenan-
throlineseRu(II) metallo-polymers, including benzene14b and fused
dithiophene15 units as building blocks, were constructed by self-
assembled reactions. Two conjugated spacers, i.e., benzene
and fused dithiophene segments, were inserted between two
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Fig. 1. Chemical structures of metallo-polymers P1eP4.
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imidazo-phenanthroline chelating units to form the main struc-
tures of ligands L1 and L2, respectively. Hence, the lengths of
conjugations in L1 and L2 linked by conjugated spacers were ex-
tended in order to improve the electric charge transfer abilities and
to enhance the absorption intensities and ranges. The transport of
energy and electrons within nanoscale ordered materials are sig-
nificant to optoelectronics. It needs to control over both of their
physical and chemical properties in the self-assembled organiza-
tion. Nanocomposite systems are that combine the favorable fea-
tures of, for example, fullerenes and porphyrins as electron
acceptors and donors, respectively.10 They have received interest in
the areas of light-induced electron-transfer chemistry and solar
energy conversion.16 Common electron donoreacceptor systems
are based on covalent linkages. However, much less is, known about
noncovalent electron donoreacceptor nanocomposites and the
function of the intervening spacers.17 Compared with other in-
termolecular forces, such as van der Waals, pep stacking, or Cou-
lombic interactions, hydrogen bonds are particularly attractive as
they are directional and do not possess electronic energy levels that
interfere with those in materials for organic electro-optical appli-
cations.18,19 Therefore, that great efforts have been expended to-
ward the preparation and characterization of photo- and electro-
active noncovalent assemblies based on hydrogen bonds (H-
bonds).

Herein, we design H-bonded interactions between pyridyl
surface-modified ZnOpy nanoparticles (ZnOpy as proton accep-
tors) and metallo-polymers (P3eP4 as proton donors) (Fig. 1). Be-
cause supramolecular interactions (H-bonds) between ZnOpy and
metallo-polymers turn the organic and inorganic interfaces into
homogeneous dispersion, electron and hole separations are im-
proved to enhance electric translation and reduce electric re-
combination. The environmentally friendly and low-cost ZnO
nanoparticles offer a new perspective candidate toward ‘green
electricity’. By mixing ZnOpy nanoparticles as proton acceptors, i.e.,
a substance with a higher affinity with the polymer, it is possible to
break up the excitons by transferring the electrons from the poly-
mers onto the electron acceptors.20

2. Results and discussion

2.1. Syntheses and chemical characterization

Metallo-polymers P1eP4 were prepared successfully via co-
ordination with a mixture of ligands 2-(4-(1H-imidazo[4,5-f][1,10]
phenanthrolin-2-yl)-2,5-bis(octyloxy)phenyl)-1H-imidazo[4,5-f]
[1,10]phenanthroline (L1) and 2-(4-(1H-imidazo[4,5-f][1,10]phe-
nanthrolin-2-yl))-3,5 (dihexyldithieno[3,2-b:2030-d]thioeno)-1H-
imidazo[4,5-f][1,10]phenanthroline (L2). The integration of 1H
NMR spectra reveal a facile result to distinguish the well-defined
main-chain metallo-polymeric structures, which were con-
structed by different ligands. Proton NMR spectra of ligands
L1eL2 and metallo-polymers P1eP4 in DMSO are illustrated in
Figs. 2 and 3, which show proton peaks in the aromatic regions of
ligands and metallo-polymers. As a result of metallo-polymeri-
zation, broadened signals of ligands were observed. Ligands
L1eL2 and metallo-polymers P1eP4 were satisfactorily charac-
terized by 1H NMR spectra. The thermal stabilities of metallo-
polymers P1eP4 were characterized by thermogravimetric
analyses (TGA) measurements under nitrogen atmosphere, and
the thermal decomposition temperatures (Td) are in the range of
320e380 �C.

2.2. UV spectroscopic studies

The absorption spectral data of all metallo-polymers P1eP4 and
ligands L1eL2 in DMF solutions (10�6 M) and solid films are
summarized in Fig. 4 and Table 1. The absorption wavelengths of
metallo-polymers (P1eP4) in Fig. 4 exhibit broad wavelength
ranges from 270 to 650 nm. Similar to the absorption peaks of li-
gands (L1eL2) ca. 280 and 380 nm in Fig. 4, all short absorption
peaks of metallo-polymers (P1eP4) in the range of 270e490 nm
were due to the dp/p* transitions. These intramolecular charge
transfer (ICT) results show that the maximum absorption wave-
lengths of P2 (429 nm) and P4 (407 nm) are longer than those of
polymers P1 (385 nm) and P3 (343 nm), respectively, which reflects
the longer effective conjugation lengths existing in the extended
fused-thiophene-based polymers (P2 and P4). Moreover, the
characteristic absorption bands of metallo-polymers (P1eP4) in
the range of 490e560 nm are attributed to the metal-to-ligand
charge transfer (MLCT) transition. According to Fig. 4(b), the opti-
cal band gaps (in Table 1) can be estimated from the absorption
spectra in solid films by using the equation of Eg¼1240/ledge. As



Fig. 3. 1H NMR spectra (aromatic region) of ligand L2 and metallo-polymers P2 and P4
in DMSO-d6.
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Fig. 4. Normalized UVevis spectra of ligands L1eL2 and metallo-polymers P1eP4 in
(a) DMF solutions and (b) solid films.

Fig. 2. 1H NMR spectra (aromatic region) of ligand L1 and metallo-polymers P1 and P3
in DMSO-d6.

Table 1
Photophysical data in DMF solutions and solid films and electrochemical potentials,
energy levels, and band gap energies of metallo-polymers P1eP4a

Samples l, UV (nm) Energy
levelb

Energy
level

Band
gap

Solution Solid filma EHOMO

(eV)c
ELUMO

(eV)e
Eg,opt
(eV)d

L1 285, 384, 281, 385 d d 2.8
L2 281, 377 275, 378 d d 2.1
P1 288, 387, 490 292, 385, 517 5.1 2.6 2.5
P2 276, 420, 516 289, 429, 517 5.93 3.93 2.0
P3 286, 385, 506 293, 343, 503 5.91 3.91 2.0
P4 298, 390, 490 286, 407, 572 5.7 3.8 1.9

a Spin-coated from DMF solution.
b Measured for in thin solid film using tetra-n-butylammonium perchlorate (TCI)

as the supporting electrolyte at a scan rate of 100 mV/s.
c HOMO¼[�(Eonset (vs Ag/AgCl)�Eonset (Fc/Fcþvs Ag/AgCl))�4.8] eV where 4.8 eV is the

energy level of ferrocene below the vacuum level and Eonset (Fc/Fcþvs Ag/AgCl)¼0.4 eV.
d Optical band gaps were estimated from the absorption spectra in solid films by

using the equation of Eg¼1240/ledge.
e ELUMO¼EHOMOþEg,opt.
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shown in Table 1, the band gaps of metallo-polymers (P1eP4) are
compared to have the sequence of P4<P3¼P2<P1 and with the
largest value in P1 and the smallest value in P4. Therefore, the band
gaps of metallo-polymers can be reduced by the replacement of
phenyl rings (P1 and P3) with thiophene rings (P2 and P4), and
the replacement of the H atoms (P1 and P2) with the COOH groups
(P3 and P4).

2.3. Electrochemical characterization

The electronic states, i.e., energy levels of the highest occupied
molecular orbital (HOMO) and lowest unoccupiedmolecular orbital
(LUMO), of the metallo-polymers were investigated by cyclic vol-
tammetry (CV) in order to understand the charge injection pro-
cesses in these metallo-polymers. The electrochemical responses of
Ru(II) polypyridyl complexes were usually observed due to a metal-
centered oxidation, and thus to induce the electrochromic behav-
ior.21 The oxidation cyclic voltammograms and corresponding
electrochromic photos of metallo-polymers P1eP4 in solid films
are displayed in Fig. 5(a). The formal potentials, onset potentials,
and band gaps, along with the estimated positions of the upper
edges of the valence band (HOMO) obtained from the electro-
chemical measurements are summarized in Table 1. The ligands
(L1, L2) showed no detectable oxidation and reduction behavior,
implying that the electrons are difficult to be injected into both
ligands (L1, L2). As shown in Fig. 5(a), metallo-polymers P1eP4
showed one irreversible oxidation process but no detectable re-
duction behavior. Therefore, the HOMO energy levels of P1eP4 can



Fig. 5. (a) Cyclic voltammagrams and electrochromic photos and (b) differential pulse
voltammetric (DPV) of metallo-polymers P1eP4 in solid films.
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Fig. 6. Supramolecular structures of H-bonded nanocomposites P3/ZnOpy and P4/
ZnOpy.
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be decided by their irreversible oxidation peaks correspondingly. In
addition, as shown in Fig. 5(b), differential pulse voltammetric
(DPV) studies on metallo-polymers P1eP4 were performed under
analogous conditions of CV measurements, and DPV results also
confirmed the results of CVmeasurements as illustrated in Fig. 5(a).

2.4. FT-IR spectroscopic studies

The molecular structures of metallo-polymers P1eP4 could also
be confirmed by the FT-IR spectra. For instance, the absorption
stretching mode of the carboxylic group in the polymers, which
typically appeared at 1710, 1642 cm�1, respectively, was absent in
the spectra of metallo-polymers P3eP4. Supramolecular structures
of H-bonded nanocomposites are displayed in Fig. 6. H-bonded
effects in H-donor metallo-polymers (P3eP4) blended with H-ac-
ceptor ZnOpy nanoparticles were confirmed by FT-IR spectroscopy.
The IR spectra of H-acceptor ZnOpy, H-donor metallo-polymers
P3eP4, and their H-bonded nanocomposites P3eP4/ZnOpy,
shown in Fig. 7, were compared to analyze the formation of H-
bonds. In contrast to the OeH bands at 2665 and 2620 cm�1 of pure
H-donor polymers P3 and P4, weaker OeH bands were observed at
2513, 2500 cm�1 and 1921, 1935 cm�1 in H-bonded nano-
composites P3/ZnOpy and P4/ZnOpy, respectively. These results
are indicative of stronger H-bonds formed between pyridyl groups
of H-acceptor ZnOpy and acid groups of H-donor metallo-polymers
P3eP4 in their H-bonded nanocomposites P3eP4/ZnOpy. On the
other hand, C]O stretching vibrations at 1710 and 1642 cm�1 in
pure metallo-polymers P3 and P4 appeared as shoulders at 1736
and 1635 cm�1 for H-bonded nanocomposites P3eP4/ZnOpy, re-
spectively. This shows that the carbonyl group is in a more asso-
ciated state than that in the pure H-donor metallo-polymers
P3eP4, which contains a weaker C]O stretching vibration
appeared (at 1710 and 1642 cm�1). All results suggest that H-bonds
were generated in the solid state of H-bonded nanocomposites P3/
ZnOpy and P4/ZnOpy, which is similar to our previous report.22
2.5. Time-resolved PL spectroscopic studies

The photoluminescence (PL) spectra of metallo-polymers
P1eP4 (Fig. 8(a)) and H-bonded nanocomposites P1eP4/ZnOpy
(Fig. 8(b)) in solid films were excited at an incident wavelength of
420 nm. Their PL emissions show broad andweak absorptions from
420 to 650 nm, which covered all PL ranges of metallo-polymers
P1eP4 and nanoparticle ZnOpy. Time-resolved photo-
luminescence (PL) measurements (i.e., ultrafast emission dynam-
ics), monitored at the wavelength above 420 nm, were (Fig. 9(b))
were 3.8, 5.0, 1.6, and 2.3 ns, respectively, and those of metallo-
polymers P1eP4 were 7.1, 6.9, 7.0, and 7.0 ns, respectively
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Fig. 7. FT-IR spectra of metallo-polymers (P3 and P4) and nanocomposites (P3/ZnOpy
and P4/ZnOpy).
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Fig. 8. PL spectra of metallo-polymers (a) P1eP4 and nanocomposites (b) P1/ZnOpy,
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(Fig. 9(a)). The faster PL decay of nanocomposites P1eP4/ZnOpy
than those of metallo-polymers P1eP4 can be attributed to the
quenching behavior from nanoparticle ZnOpy. More importantly,
improving interfacial contacts by H-bonds between polymers and
nanoparticle ZnOpy, H-bonded nanocomposites P3/ZnOpy and P4/
ZnOpy have shorter lifetime values (1.6, and 2.3 ns) than nano-
composites P1/ZnOpy and P2/ZnOpy (3.8, and 5.0 ns), respectively.
These results suggest that the excitons are easier to be quenched via
the H-bonded interfaces of polymers and nanoparticles, which
were also reported as a more rapid charge transfer process from
P3HT to CdSe with a surface modification 24performed to give ad-
ditional information on the charge-transfer dynamics in nano-
composites P1eP4/ZnOpy by measuring the fluorescence lifetimes
using time-correlated single-photon counting (TCSPC) methodol-
ogy (Fig. 9). The apparatus for the TCSPC measurements was de-
scribed in the literature.23 As illustrated in Table 2, the
measurements revealed that the luminescence lifetime values of
nanocomposites P1eP4/ZnOpy.
2.6. X-ray diffraction (XRD) analyses

In order to investigate the microstructural orders and molecular
arrangements of nanocomposites P1eP4/ZnOpy (with or without
H-bonded interactions) in solids, X-ray diffraction (XRD) mea-
surements were also performed on powder samples of metallo-
polymers P1eP4 and nanoparticle ZnOpy, and all powder XRD
spectra are illustrated in Fig. 10. The annealed P3/ZnOpy (Fig. 10(c))
and P4/ZnOpy (Fig. 10(d)) films exhibited substantially a primary
diffraction feature at 2q¼5.0� (corresponding to a smaller d-spacing
value of 12.0�A).25 Compared with the amorphous halos of metallo-
polymers P3eP4, the much stronger (100) reflection characteristic
peaks of metallo-polymers P3eP4 in nanocomposites P3eP4/
ZnOpy (with H-bonds) were observed.

However, onlyweaker or no (100) reflection characteristic peaks
of metallo-polymers P1eP2 in nanocomposites P1eP2/ZnOpy
(without H-bonds) were detected. The characteristic peaks were
assigned to a distance between the conjugated backbones sepa-
rated by the long side chains as reported for other similar p-con-
jugated polymers with long pendants.26,27 The XRD data
demonstrate the existence of the H-bonded interactions between
metallo-polymers P3eP4 and nanoparticle ZnOpy. In other words,
the crystallinities of metallo-polymers P3eP4were enhanced upon
addition of nanoparticle ZnOpy. The similar result was also re-
ported that the crystallinity of P3HT polymer was increased upon
addition of BT4T (a small organic molecule), which, in turn, en-
hanced the photovoltaic properties of the solar cell device.28 For
metallo-polymers P1eP4, the broad peaks in the wide angle region
of the diffraction features at 2q¼13.7�, corresponding to the d-
spacing values between 4.1 and 4.4�A, and it is reasonable to assign
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Fig. 10. Powder X-ray diffraction spectra of nanocomposites (a) P1/ZnOpy, (b) P2/
ZnOpy, (c) P3/ZnOpy, and (d) P4/ZnOpy.

Table 2
Fluorescence lifetimes of metallo-polymers P1eP4 and its nanocomposites

Sample P1 P2 P3 P4 P1/ZnOpy P2/ZnOpy P3/ZnOpy P4/ZnOpy

s (ns) 7.1 6.9 7.0 7.0 3.8 5.0 1.6 2.3
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them to the distance between disordered alkyl chains, although the
peaks may also contain contributions from the layer-to-layer pep
stacking of the polymer planes.29 The broad XRD halos indicated
that the layer-to-layer pep stacking in the polymers occurs only in
very small areas, and the polymers mainly show amorphous
structure.30e32 The possible packing motifs (side-view) and the
proposed model can explain the possible structural arrangements
of the polymer chains in nanocomposites P3eP4/ZnOpy, where the
alkyl side chains stack as bi-layered packings and may have trivial
interdigitated arrangements, and their schematic packings are
demonstrated in Fig. 11. Overall, based on the observation, it reveals
that metallo-polymers P3eP4 form higher crystallinity upon ad-
dition of ZnOpy in nanocomposites P3eP4/ZnOpy (with H-bonds)
in contrast to amorphous P3eP4.

2.7. Transmission electron microscopy studies

Transmission electron microscopy (TEM) analyses were carried
out on nanocomposites P1eP4/ZnOpy (with or without H-bonded
interactions) in solids, which were prepared from DMF solutions of
P1eP4/ZnOpy drop-cast onto TEM grids. This provides a further
insight into the morphology of the nanoparticle aggregation. Com-
pared with nanocomposite P3/ZnOpy (with H-bonds) in Fig. 12(c),
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nanocomposite P1/ZnOpy (without H-bonds) had a more distinct
aggregated structure in Fig. 12(a). This was due to the pyridyl H-
acceptors of ZnO self-assembledwith H-donors ofmetallo-polymer
P3. This result is similar to a previous report in CdSe-L2,33 where
a conjugated polymer was functionalized via the introduction of
appropriate anchoring groups to avoid the phase separation.34 On
the other hand, as ZnOpy nanoparticleswere blendedwithmetallo-
polymer P4, the carboxylic acid surfactants from metallo-polymer
P4 were H-bonded with the pyridyl H-acceptor groups of ZnOpy.
Therefore, in contrast to P2/ZnOpy (without H-bonds) in Fig. 12(b)
ZnOpynanoparticleswerewell distributed amongmetallo-polymer
P4 in Fig. 12(d). Hence, the TEM morphologies of H-bonded archi-
tectures in nanocomposites P3eP4/ZnOpy (with H-bonds) dem-
onstrate the versatility of the self-assembled processes by the
supramolecular interactions of H-donor metallo-polymers P3eP4
and H-acceptor nanoparticle ZnOpy.
3. Conclusion

We synthesized a series of metallo-polymers (P1eP4) with aryl-
imidazo-phenanthrolines (AIP) units (incorporated with phenyl
and fused dithienothiophene groups in different donor spacers) to
study for their electrochemical and electrochromic properties. In
order to investigate the energy transfers between metallo-
polymers (P1eP4) and nanoparticle ZnOpy, novel supramolecular
nanocomposites P3eP4/ZnOpy were constructed by complexation
of proton donor (H-donor) metallo-polymers P3eP4, consisting of
carboxylic acid groups, with proton accepter (H-accepter) ZnOpy.
They were compared with nanocomposites P1eP2/ZnOpy con-
taining metallo-polymers P1eP2without carboxylic acid groups to
have no H-bonded interactions with nanoparticle ZnOpy. In con-
trast to amorphous metallo-polymers P3eP4 from XRD measure-
ments, supramolecular nanocomposites P3eP4/ZnOpy exhibited
obvious diffraction features (originated from metallo-polymers
P3eP4) indicating the increased crystallinities of P3eP4 upon ad-
dition of ZnOpy, due to the supramolecular (H-bonded) in-
teractions. TEM morphologies also proved that the supramolecular
(H-bonded) interactions between ZnOpy and polymers P3eP4 in-
duce nanoparticles to be homogeneously dispersed in nano-
composites P3eP4/ZnOpy.

4. Experimental section

4.1. Materials

All chemicals and solvents were used as received. The rubipyr-
idine (Rupby), 1,10-phenanthroline-5,6-dione,14b 2,5-bis(octyloxy)
benzene-1,4-dialdehyde,16a and 3,5-dihexyldithieno[3,2-b:2030-d]
thiophene-2,6-dialdehyde15a were prepared according the re-
ported literature procedure. The synthetic routes of ligands L1eL2
and metallo-polymers P1eP4 are shown in Scheme 1, and the
synthetic procedures of their intermediates are described. Solvents
were reagent grades and purchased from Aldrich, ACROS, TCI, and
Lancaster Chemical Co. Toluene, N,N-dimethylformamide, and
diethyl ether were distilled to keep anhydrous before use. Fur-
thermore, ZnO nanoparticles were synthesized and surface-
modified with pyridyl surfactants (ZnOpy) to be ca. 3e4 nm.20

4.2. Characterization

1H NMR spectra were recorded on a Varian Unity 300 MHz
spectrometer using DMSO-d6 solvents. Transition temperatures
were determined by differential scanning calorimetry (DSC, Per-
kineElmer Pyris 7) with a heating and cooling rate of 10 �C/min.
Thermogravimetric analyses (TGA) were conducted with a TA
instrument Q500 at a heating rate of 10 �C/min under nitrogen.
UVevisible absorption and photoluminescence (PL) spectra were
recorded in dilute N,N-dimethylformamide (DMF) solutions
(10�5 M) on a HP G1103A and Hitachi F-4500 spectrophotometer,
respectively. Solid films of UVevis and PL measurements were
spin-coated on a quartz substrate from DMF solutions with
a concentration of 10 mg/mL. Cyclic voltammetry (CV) measure-
ments were performed using a scanning rate of 100 mV/s on
a BAS 100 electrochemical analyzer, which was equipped with
a standard three-electrode electrochemical cell in a 0.1 M tetra-n-
butylammonium perchlorate (TCI) solution (in DMF) at room
temperature. A platinum wire as the counter electrode, and
a silver wire as the quasi-reference electrode were used. Ag/AgCl
(3 M KCl) electrode was served as a reference electrode for all
potentials quoted herein. During the CV measurements, the so-
lutions were purged with nitrogen for 30 s, and the redox couple
ferrocene/ferrocenium ion (Fc/Fcþ) was used as an external
standard. The corresponding HOMO levels in polymer solutions
of P1eP4 could be calculated from Eox/onset values of the elec-
trochemical experiments (but no reduction curves, i.e., no Ered/
onset values and LUMO levels, were obtained in the CV measure-
ments). Each onset potential in the CV measurements was
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defined by the intersection of two tangents drawn at the rising
current and background current. Differential pulse voltammo-
grams (DPV) experiments were performed with a CH Instruments
electrochemical analyzer. All measurements were carried out at
room temperature with a conventional three electrode configu-
ration consisting of a platinum working electrode, a platinum
wire auxiliary electrode, and a nonaqueous Ag/AgNO3 reference
electrode. The solvent used in all experiments was DMF, and the
supporting electrolyte was 0.1 M tetrabutylammonium hexa-
fluorophosphate. Infrared spectra (FT-IR) were investigated by
a PerkineElmer Spectrum 100 instrument. Synchrotron powder
X-ray diffraction (XRD) measurements were performed at
beamline BL13A of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan, where the wavelength of X-ray was
1.026503 �A. TEM studies were performed using a JEOL 2010 in-
strument under an acceleration voltage of 200 kV. The samples
were prepared by dispersing into DMF and then dropping the
dispersion onto the TEM copper grids. UVevisible absorption and
photoluminescence (PL) spectra were recorded in dilute DMF
solutions (10�6 M) on a HP G1103A and Hitachi F-4500 spectro-
photometer, respectively. Time-resolved photoluminescence
(TRPL) spectra were measured using a home-built single photon
counting system. Excitation was performed using a 375 nm diode
laser (Picoquant PDL-200, 50 ps fwhm, 2 MHz). The signals col-
lected at the excitonic emissions of solutions (l¼420 nm) were
connected to a time-correlated single photon counting card
(TCSPC, Picoquant Timeharp 200).
4.3. Ligand synthesis

4.3.1. 2-(4-(1H-Imidazo[4,5-f][1,10]phenanthrolin-2-yl)-2,5-bis(octy-
loxy)phenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (L1). A mixture
of 1,10-phenanthroline-5,6-dione (211.2 mg, 1.0 mmol), 2,5-
bis(octyloxy)benzene-1,4-dialdehyde16a (218.1 mg, 1.0 mmol), am-
monium acetate (1557.3 mg, 20.2 mmol) and glacial acetic acid
(30 ml) was refluxed for 2 h, then cooled to room temperature.
After dilution with water, a yellow precipitate was obtained. The
crude product was washed with water and acetone. Yield: 81%. 1H
NMR (300 MHz, DMSO-d6, d): 9.01 (d, acetone). Yield: 81%. 1H NMR
(300 MHz, DMSO-d6, d): 9.01 (d, J¼6.01 Hz, 4H), 8.91 (d, J¼6.81 Hz,
4H), 8.17 (s, 2H), 7.81 (d, J¼3.81 Hz, 4H), 4.30 (t, 4H), 1.91 (4H), 1.51
(d, 4H), 1.25 (m, 8H), 1.01 (m, 16H), 0.52 (m, 3H). 13C NMR (75 MHz,
DMSO-d6) d 152.91, 150.02, 146.32, 144.61, 136.44, 126.89, 123.51,
117.56, 112.53, 69.23, 31.91, 29.71, 29.41, 26.01, 22.81, 14.12. Mass
spectrometry (MS): m/z 771.06 ([M]þ), found m/z 772.0. Element
Anal. Calcd for C44H42N8O2: C, 68.63 H, 6.92 N, 13.67. Found: C,
68.55 H, 6.68 N, 13.52.

4.3.2. 2-(4-(1H-Imidazo[4,5-f][1,10]phenanthrolin-2-yl))-3,5-(dihex-
yldithieno[3,2-b:2030-d]thioeno)-1H-imidazo[4,5-f][1,10]phenanthro-
line (L2). A mixture of 1,10-phenanthroline-5,6-dione (215.3 mg,
1.0 mmol), 3,5-dihexyldithieno[3,2-b:2030-d]thiophene-2,6-
dialdehyde (223.2 mg, 1.0 mmol), ammonium acetate (1568.9 mg,
20.4 mmol), and glacial acetic acid (30 ml) was refluxed for 2 h. The
reaction procedure was the same as that of L1. The crude product
was washedwith water and acetone. Yield: 65%. 1H NMR (300MHz,
DMSO-d6), d 9.01 (d, 4H), 8.91 (d, 4H), 7.81 (d, 4H), 2.5 (4H), 1.89
(4H),1.32 (16H), 0.96 (m, 6H). 13C NMR (75MHz, DMSO-d6) d 154.11,
150.01, 148.01, 141.52, 138.32, 136.44, 135.21, 133.62, 130.21, 129.01,
12,801, 127.49, 126.32, 125.78, 12,421, 122.91, 121.51, 31.91, 29.01,
22.81, 21.31, 14.11. Mass spectrometry (MS):m/z 801.7 ([M]þ), found
m/z 801.3. Element Anal. Calcd for C46H40N8S3: C, 68.97 H, 5.03 N,
13.99. Found: C, 68.82 H, 5.19 N, 14.02.
4.4. General synthetic procedure for metallo-polymers P1eP4

The synthetic routes and chemical structures of metallo-
polymers are shown in Scheme 1 and Fig. 1, respectively. All of
the polymerization procedures were carried out through the met-
aleligand coordination reactions.

4.4.1. P1. To a solution of ligand L1 (1 mmol) in 10 ml of DMF,
Rubpy (1 mmol) in DMF (10 ml) was added. The resulting solution
was heated to react at 100 �C under a nitrogen atmosphere. After
stirring for 24 h, excess NH4PF6 was added into the hot solution. The
resulting solution was poured into water and the precipitate ob-
tained was purified by repeated precipitations using acetone and
water. The polymer was dried under vacuum at 60 �C for 24 h and
collected as black solids. Yield: 85%. 1H NMR spectrum of metallo-
polymer (P1) is similar to that of ligand (L1) but broader than peak
of ligand. (see Fig. 2) The phenomenon reveals a metallo-polymer
(P1) was made. 1H NMR (300 MHz, DMSO-d6, d): 9.01 (br, 4H),
8.91 (br, 4H), 8.17 (br, 2H), 7.81 (br, 4H), 4.30 (br, 4H), 1.91 (br, 4H),
1.51 (br, 4H), 1.25 (br, 8H), 1.01 (br, 16H), 0.52 (br, 3H).

4.4.2. P2. To a solution of ligand (L2) (1 mmol) in 10 ml of DMF,
Rubpy (1 mmol) in DMF (10 ml) was added. The resulting solution
was heated to react at 100 �C under nitrogen. After stirring for 24 h,
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excess NH4PF6 was added into the hot solution. The resulting so-
lution was poured into water and the precipitate obtained was
purified by repeated precipitations using acetone and water. The
polymer was dried under vacuum at 60 �C for 24 h and collected as
black solids. Yield: 65%. 1H NMR spectrum of metallo-polymer (P2)
is similar to that of ligand (L2), but P2 has broader peaks than li-
gand L2 (see Fig. 3), which reveals the formation of metallo-
polymer P2. 1H NMR (300 MHz, DMSO-d6, d): 9.01 (br, 4H), 8.91
(br, 4H), 7.81 (br, 4H).

4.4.3. P3. The procedure is analogous to that described for P1.
Yield: 70%. 1H NMR spectrum of metallo-polymer (P3) is similar to
that of ligand (L1), but P3 has broader peaks than ligand L1 (see
Fig. 2), which reveals the formation of metallo-polymer P3 with
worse solubility due to the carboxylic acid pendants. 1H NMR
(300 MHz, DMSO-d6, d): 9.01 (br, 4H), 8.91 (br, 4H), 8.17 (br, 2H),
7.81 (br, 4H), 4.30 (br, 4H).

4.4.4. P4. The procedure is analogous to that described for P2.
Yield: 54%. 1H NMR spectrum of metallo-polymer (P4) is similar to
that of ligand (L2), but P4 has broader peaks than ligand L2 (see
Fig. 3), which reveals the formation of metallo-polymer P4 with
worse solubility due to the carboxylic acid pendants. 1H NMR
(300 MHz, DMSO-d6, d): 9.01 (br, 4H), 8.91 (br, 4H), 7.81 (br, 4H).

4.5. Preparation of nanocomposites complexes

As shown in Fig. 6, all nanocomposites P1/ZnOpy, P2/ZnOpy,
P3/ZnOpy, and P4/ZnOpywere prepared by blending 1 mol ZnOpy
nanoparticles (ZnOpy as proton acceptor) with 1 mol repeating
units of metallo-polymers (P1eP4 as proton donors) in the solu-
tions of N,N-dimethylformamide (DMF), which were self-
assembled into supramolecules by evaporating solvents slowly.
For example, metallo-polymer P1 and pyridyl H-acceptor (ZnOpy)
were dissolved in a DMF solvent and self-assembled into supra-
molecules by evaporating solvents slowly. When the solvent was
evaporated completely, a brown nanocomposites of P1/ZnOpy was
formed. A series of nanocomposites P1/ZnOpy, P2/ZnOpy, P3/
ZnOpy, and P4/ZnOpy were also provided. All anhydrous reactions
were carried out avoiding moisture by standard procedures under
nitrogen atmosphere.
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