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ABSTRACT: Amphiphilic block copolymer EO20PO70EO20 (Mn ) 5800 g/mol) has been modified with
terpyridine (tpy) end groups as a building block for the construction of metallosupramolecular polymers.
The synthesized tpy-terminated EO20PO70EO20 1 assembles into a linear supramolecular polymer by a
metal-ligand interaction between two tpy terminates of 1 and one iron ion. Use of EO20PO70EO20 having
tpy terminates 1 as a template for the sol-gel polymerization of tetraethoxysilane (TEOS) results in the
preparation of well-ordered hexagonal mesoporous silica structure, in which 1 is filled within highly
ordered mesoporous silica channels. The incorporated tpy-terminated copolymers assemble into metal-
losupramolecular polymers by the formation of metal complexes within the silica mesochannels.

Introduction

Synthesis of mesoporous materials under the tem-
plates of supramolecular molecular assemblies is an
area of rapid growth with various applications in many
fields such as catalysis, membrane and separation
technology, and molecular engineering.1 Mesoporous
materials provide a well-ordered alignment of nano-
meter-sized channels with an internal space. Recent
interest in incorporating functional organic materials
within inorganic channels has highlighted applications
in shape-selective catalysts and directional electron/
energy transfer devices.1a,1d,1e

One approach to preparing these organic-inorganic
composites is to incorporate functional guest molecules
within preformed mesoporous materials.2 This approach
on the basis of host-guest chemistry, however, results
in an uneven infiltration of the guest functional mol-
ecules into the channels. In contrast, several organic-
inorganic composites have been prepared by polymeriz-
ing inorganic monomers around supramolecular ag-
gregates made of amphiphilic functional molecules.1e Lu
et al. reported the synthesis of thin films of mesoporous
silica-containing rodlike aggregates of oligoethylene
glycol-functionalized diacetylene surfactants.3 The in-
corporated diacetylenes were polymerized into the
conjugated polymers within inorganic mesochannels.
Aida et al. demonstrated the polymerization of am-
phiphilic diacetylene and pyrrole inside silicate chan-
nels.4 We previously reported the fabrication of organic-
inorganic composites containing one-dimensional stacks
of amphiphilic disklike molecules.5 In contrast with the
former approach, this approach provides the uniform
incorporation of functional molecules within a highly
ordered inorganic environment.

Here, we report the synthesis of an organic-inorganic
composite material templated by end-functionalized
nonionic triblock copolymers. Using amphiphilic block
copolymers as templates for polymerizing silica species

enable the preparation of highly ordered mesoporous
inorganic structures.6 Introducing functional molecules
into the ends of block copolymers might enable the
creation of novel organic-inorganic composites contain-
ing highly concentrated functional molecules within the
mesochannels.

Strong, highly directional noncovalent interactions
such as hydrogen bonding, metal-ligand interactions,
donor-acceptor interactions, and host-guest interac-
tions allow the construction of self-assembling polymer
systems (supramolecular polymers) by connecting small
building units with multiple association end groups.7-10

In contrast to conventional polymers, these supramo-
lecular polymers can dissociate into monomer units as
a result of external stimuli. In this study, terpyridine
(tpy) ligands were introduced into both terminates
of poly(ethylene oxide)-poly(propylene oxide)-poly-
(ethylene oxide) (EO-PO-EO) chains. The resulting
tpy-terminated EO-PO-EO can be assembled into
supramolecular polymers though the formation of bis-
(terpyridine)-metal complexes coordinated with transi-
tion metal ions. Terpyridine ligands have been used for
the bridging ligands for well-defined metallosupramo-
lecular structures.11 Schubert et al. have synthesized
homopolymers and block copolymers from tpy-termi-
nated oligomers or polymers through the metal-ligand
interaction.12 We report the formation of metallosu-
pramolecular polymers within silicate channels by using
tpy-terminated EO-PO-EO triblock copolymers as
both structure-directing agents and monomers.

Results and Discussion

Terpyridine-terminated EO-PO-EO 1 was prepared
from 4′-chloro-2,2′:6′, 2′′-terpyridine and EO-PO-EO
block copolymers according to a literature method
(Scheme 1).12 A reaction of 4′-chloro-2,2′:6′,2′′-terpyri-
dine with EO20-PO70-EO20 (Sigma Aldrich, number-
average molecular weight ca. Mn ) 5800) in the presence
of powdered KOH and subsequent purification by size-
exclusion chromatography (BioBeads SX-1 in THF)
yielded 34% of tpy-terminated EO20-PO70-EO20 1. The
tpy-terminated block copolymer 1 were characterized by
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1H NMR, UV-vis, gel-permeation chromatography
(GPC), and MALDI-TOF-MS. The proton resonance of
3′,5′ protons for tpy appeared at 8.04 ppm, indicating
the formation of an ether bond between the tpy and
hydroxy end groups of the EO20-PO70-EO20 chain. The
GPC analysis showed that 1 had a single sharp, sym-
metrical elution pattern with polydispersities (Mw/Mn)
of less than 1.2. The parent EO20-PO70-EO20 polymers
had no absorption in the UV region because of the lack
of aromatic groups. On the other hand, the GPC profiles
of 1 detected by a UV detector monitored at 270 nm
agreed with that detected by a refractive index (RI)
detector. This clearly showed the incorporation of tpy
ligands into the block copolymers. Furthermore, the
MALDI-TOF-MS spectra exhibited a shift of 463 Da for
each single peak from the parent polymers. The differ-
ence in molecular weights corresponds to the masses of
the two tpy ligand molecules. These analytical results
suggested that the two tpy ligands reacted almost
completely with both ends of the EO20-PO70-EO20
chain.

To investigate the possibility of assembly with 1 and
Fe2+, the absorption spectra were monitored for varying
concentrations of Fe2+ ions in degassed methanol (Fig-
ure 1). When the tpy ligands coodinate with octahedrally
coordinating transition metal ions, stable bis(terpyri-
dine)-metal complexes are formed between two tpy
ligands and one metal ion. The absorption spectrum of
1 changed after the addition of Fe2+ ions, and a metal-
to-ligand charge transfer (MLCT) band appeared at 568
nm, indicating the formation of a bis(terpyridine)-iron
complex.13 Furthermore, the absorbance at 568 nm
increased with the Fe2+ concentration and then satu-
rated.

The tpy-terminated EO20-PO70-EO20 block copoly-
mer 1 can be assembled into high-molecular-weight
supramolecular polymers or cyclic oligomers. A coordi-
nation product 2 was prepared from a reaction between
1 and FeCl2 in methanol and an exchange of the
counterions by the addition of NH4PF6 (Scheme 1). The
1H NMR spectrum of 2 showed the shifts for the 3′,5′
and 6,6′ protons relative to the spectrum of 1, and it
agreed with that of the corresponding low-molecular-
weight bis(terpyridine) iron complex. The spectrum did
not contain any peaks for the free tpy ligands as end
groups of 1. The intrinsic viscosity [θ] of 2 was 40 mL/g

in methanol at 25 °C. The lack of peaks for free ligands
in the 1H NMR spectrum, as well as the [θ] value,
implied a high degree of polymerization.14 Furthermore,
the MALDI-TOF-MS spectrum of 2 exhibited no peaks
corresponding to the cyclic oligomers. These results
suggested that the tpy-terminated EO20-PO70-EO20 1
could be assembled into a high-molecular-weight linear
supramolecular polymer by connecting two terpyridine
terminates of EO20-PO70-EO20 with one Fe2+ ion.

Stucky and co-workers reported the preparation of
well-ordered hexagonal mesoporous silica structures
(SBA-15) by using amphiphilic EO-PO-EO copolymers
to direct the organization of the polymerizing silica
species.6a,6b Sol-gel polymerization of tetraethoxysilane
(TEOS) in the presence of 1 was carried out under acidic
conditions according to the method reported by Stucky
et al.6a After stirring of the reaction mixture for 20 h at
35 °C, a white precipitate 3 was collected and dried at
50 °C. The product yields were above 90% on the basis
of the initial amounts of silicon and the organic tem-
plates. When 3 was immersed into a methanol solution
of FeCl2, the color of the composites turned from white
to purple, while the solution remained colorless. This
suggested that the incorporated 1 was not released from
the composite. Small-angle X-ray diffraction (XRD)
patterns and a transmission electron microscopy (TEM)
image of 3 are shown in Figure 2. The XRD patterns of
3 showed an intense peak with a d spacing of 11.0 nm
and two weak peaks in the 2θ range of 1-2° with d
spacing of 7.7 and 5.5 nm, which are characteristic of
the (100), (110), and (200) diffractions of a hexagonal
mesoscopic inorganic structure. The TEM image of 3

Scheme 1. Schematic Representation of
EO20PO70EO20 Modification with Tpy-Terminated

Groups and the Formation of Metallosupramolecular
Polymers

Figure 1. Effect of Fe2+ concentration on the absorption
spectra of 1 (0.1 mg/ml) in methanol: [Fe2+] ) 0, 5, 10, 12.5
µM. Arrows indicate the direction of the spectral change. The
inset shows the relationship between Fe2+ concentration and
the absorbance at 568 nm.

Figure 2. (a) Powder XRD pattern and (b) TEM images of
the organic-inorganic composite prepared with 1.
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showed a hexagonal array of regularly sized holes with
a diameter of 4.5 nm separated by ∼4.4-nm-thick silica
walls. Thermogravimetric analysis (TGA) of 3 showed
a weight loss of 40 wt % at 450 °C, and its FT-IR
spectrum of 3 was the sum of the spectra of 1 and silica.
After calicination of 3 in air at 500 °C for 6 h, the XRD
pattern and TEM image showed that the hexagonal
morphology had been preserved. The calcinated sample
had a mean pore size of 3.6 nm, a pore volume of 0.58
cm3/g, and a Brunauer-Emmett-Teller (BET) surface
area of 641 m2/g, as determined from N2 adsorption-
desorption experiments. These results are very similar
with those for SBA-15 prepared with EO20-PO70-EO20
as a template under the same conditions,6a indicating
that tpy-terminated EO20-PO70-EO20 acts as a struc-
ture-directing reagent in the creation of a hexagonal
mesostructure. Therefore, we concluded that tpy-
terminated EO20-PO70-EO20 1 is filled within highly
ordered mesoporous silica channels.

Figure 3a shows a TEM image of 3 that had been
immersed into the methanol solution of FeCl2. The
average diameter of the white circular regions was 3.0
nm, and the average thickness of the dark wall regions
was ∼7.0 nm. The diameters of the white circles were
reduced from 4.5 to 3.0 nm by the addition of FeCl2.15

The white circular regions were predominately the
hydrophobic PO cylinder cores, while the dark walls
consisted of silica and EO shells containing the iron
complexes.16 Energy-dispersive X-ray analysis (EDXA)
also indicated the presence of Fe and Cl within the
composites. While the weight of 3 was gradually de-
creased from 250 °C in the TGA analysis, the weight
loss for the composites after immersion into the FeCl2
solution started from 300 °C (Figure 3b). These results
showed that the metallosupramolecular polymers were
filled within the mesochannels and the tpy segments
located in the hydrophilic EO shells formed bis(terpy-
ridine)-iron complexes. In addition, the formation of the
iron complexes contributed to the thermal stability of
the organic-inorganic composites.

Mesostructured silica composite films containing 1
were prepared from a homogeneous ethanol/water solu-
tion of silicic acid and 1 on a quartz substrate by an

evaporative spin-coating procedure.17 The spin-coating
of the aqueous solution on the substrate produced
homogeneous, transparent films, which were dried in
air for 24 h at room temperature and then for an
additional 3 h at 120 °C to promote the formation of
silica networks. Scanning electron microscopy (SEM)
images indicated that the spin-coated films containing
1 were featureless at the micrometer-length scale and
had thicknesses of 700-800 nm, as shown in Figure 4a.

The XRD pattern of a silica film showed a sharp peak,
and the d spacing of this peak almost agreed with that
of the powdered sample of 3. A TEM image of the film
shows well-defined strips (Figure 4b) and a hexagonal
array of pores 4.8 nm in diameter. These results
indicated the formation of highly ordered mesoporous
silica channels within the transparent cast film by the
evaporative spin-coating procedure. When a spin-coated
film was dipped for 1 min in a 0.2 M methanol solution
of FeCl2 and washed with methanol several times, the
film was stained purple as a result of the formation of
iron complexes with included tpy terminates. Figure 4c
shows the change in the absorption spectrum of a
composite film containing 1 after immersion in the Fe2+

solution. The MLCT band at 568 nm appeared with the
addition of FeCl2, similar to the case in solution,
indicating the formation of bis(terpyridine)-iron com-
plexes within the composite film. Moreover, the MLCT
band disappeared when the film was immersed in an
ammonia solution for 1 min. The iron complexes within
the mesochannels were decomposed by a ligand substi-
tution reaction between the tpy ligands and the am-
monia.18 The surface hardness of composite film was
evaluated by the pencil hardness test. The hardness
increased from 4B to H (pencil hardness) because of the
formation of metallosupramolecular polymers within the
mesochannels.

In conclusion, we demonstrated the creation of or-
ganic-inorganic composites containing a tpy-terminated
amphiphilic block copolymer EO20-PO70-EO20. The
tpy-terminated EO20-PO70-EO20 could act as a tem-
plate for forming a hexagonal array of mesochannels
(Figure 5). The functionalized block copolymers were
included within the mesochannels and the incorporated
copolymers were not released from the composites by

Figure 3. (a) TEM image of the organic-inorganic composite
after being immersed into a solution of Fe2+. The inset depicts
the idealized nanostructure. (b) TGA curves of the organic-
inorganic composites containing only 1 (solid line) and the
composite after being immersed into a solution of Fe2+ (dotted
line).

Figure 4. (a) SEM and TEM images of the spin-coated
composite film prepared with 1. (c) Absorption spectra of
composite film before (solid line) and after (dotted line) being
dipped in a solution of Fe2+.
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washing with solvents or by heating. The formation of
metallosupramolecular polymers within the mesochan-
nels improved thermal stability and film hardness.
Furthermore, this composite film containing tpy-termi-
nated EO20-PO70-EO20 could be used to sense metal
ions through monitoring of the absorption spectrum
changes. The tpy ligands can coordinate with many
transition metals, and the absorption spectrum or color
of the film was changed by the formation of metal
complexes within the mesochannels. The spectrum and
color were then recovered by decomposing the metal
complexes. Modification of the end groups of amphiphilic
block copolymers with functional units should enable
the construction of highly integrated and stable organic-
inorganic composites. The incorporated functional units
will display their functionality within the mesochannels.
This approach could be applied to the development of
nanostructured optoelectronic materials and highly
sensitive chemosensors.

Experimental Section

General. NMR spectra were recorded on a Bruker AVANCE
400 FT-NMR spectrometer operating at 399.65 MHz for 1H in
CDCl3 solution. Chemical shifts were reported relative to
internal TMS. IR spectra were obtained on a JASCO FS-420
spectrometer as KBr pellets. UV-vis was measured on a
JASCO V-570. MALDI-TOF-MS spectra were obtained on a
PerSeptive Biosystems Voyager DE-Pro spectrometer with
dithranol as matrix. GPC analyses were carried out with a
JASCO HPLC system (pump 1580, UV detector 1575, and
refractive index detector 930) and a Showa Denko GPC KF-
804L column (8.0 mm × 300 mm × 2 mm, polystyrene
standard M ) 900-400 000 g/mol) in THF as an eluent at 35
°C (1.0 mL/min).

Field-emission (FE) scanning electron microscopy (SEM)
image was obtained on a Hitachi S-4500S microscope at an
accelerating voltage of 15 kV. For the FE-SEM measurement,
Pt-Pd alloy was sputtered (∼10 nm in thickness) onto the
cross-section of the spin-coated film. Transmission electron
microscopy (TEM) images were recorded on a JEOL JEM-2010
electron microscope with an accelerating voltage of 200 kV.
The samples for TEM were prepared by dispersing a powder
or a scraped spin-coated film of products through a slurry in
methanol onto a carbon film on a copper grid. Small-angle
X-ray powder diffraction (XRD) patterns were taken on a MAC

Science M06XCE diffractometer using Cu KR radiation. The
nitrogen adsorption and desorption isotherms at 77K was
measured using a Micromeritics TriStar 3000 system.

Materials. All chemicals were purchased from commercial
suppliers and used without purification. All solvents were
distilled before each procedure.

1: To a suspension of powdered KOH (0.53 g, 9.45 mmol) in
dry DMSO, EO20PO70EO20 (Sigma Aldrich, number-average
molecular weight ca. Mn ) 5800 g/mol) (2.6 g) was added. After
stirring at room temperature for 10 min, 4′-chloro-2,2′:6′,2′′-
terpyridine (0.3 g, 1.12 mmol) was added. The mixture was
stirred for 120 h at 60 °C. The solvent was removed in vacuo,
and the residue was purified by SEC (BioBeads SX-1 in THF).
Yield 0.98 g. 1H NMR (CDCl3): d ) 1.12-1.15 (-CH3), 3.40
(-CH-), 3.53-3.64 (-CH2-), 7.32 (dd, J ) 7.32 Hz, H5,5′′, 4H),
7.84 (m, H4,4′′, 4H), 8.04 (s, H3′/5′, 4H), 8.61 (d, J ) 8.08 Hz,
H3,3′′, 4H), 8.68 (d, J ) 4.80 Hz, H6,6′, 4H). MALDI-TOF-MS:
Mw, 7524 g/mol; PDI, 1.08. GPC (THF, polystyrene standard):
Mw, 7500 g/mol; PDI, 1.09.

2: To a solution of 1 (60 mg) in 5 mL methanol, a solution
of iron(II) chloride dihydrate (1.34 mg, 10.6 mmol) in 2 mL
methanol was added, and the mixture was stirred for 4 h at
room temperature. The solution was then treated with a
solution of ammonium hexafluorophosphate (13.8 mg, 84.7
mmol). The solvent was removed in vacuo, and the residue
was purified by SEC. Yield: 58 mg. 1H NMR (CD3OD): d )
1.06 (-CH3), 3.38 (-CH-), 3.55-3.65 (-CH2-), 7.13 (m, 4H),
7.20 (m, 4H), 7.88 (m, 4H), 8.60 (d, J ) 7.32 Hz, 4H), 8.70 (s,
4H). MALDI-TOF-MS: Mw: 7607 g/mol.

Preparation of Powdered Organic-Inorganic Com-
posites. 1: (50 mg) was dissolved in 0.375 mL water and 1.5
mL 2 M HCl solution with stirring. Then 0.114 mL of TEOS
was added to the homogeneous solution with stirring at 35 °C
for 20 h. The solid product was collected, washed with water,
and dried at 50 °C.

Preparation of Composite Film. A mixture of TEOS (0.28
mL, 1.25 mmol), ethanol (0.27 mL, 4.63 mmol), and 2 N HCl
solution (0.12 mL, 0.24 mmol) was reacted for 1 h at 60 °C.
This solution (0.25 mL) was added to ethanol solution of 1 (33.0
mg) with stirring, and the mixture was allowed to stand for 3
h at room temperature. The resulting viscous solution was
spin-coated onto a quartz substrate (rotation speed: 3000 rpm)
and dried in air for 24 h at room temperature and then for an
additional 3 h at 120 °C.
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