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ABSTRACT: High-molecular-weight poly(ethylene oxide)s are utilized for a wide variety of different
applications. Here we present a new strategy for the large-scale synthesis of modified metallosupra-
molecular poly(ethylene oxide)s on the basis of the metal-induced self-assembly of bis(2,2′:6′,2′′-terpyrid-
4′-yl)-poly(ethylene oxide)179. The influence of different metal ions (cadmium(II), copper(II), cobalt(II),
nickel(II), iron(II)) on the degree of polymerization and the resulting molecular weight were evaluated.
Elaborated reaction conditions allow easy access to high-molecular-weight iron(II) coordination polymers
via self-organization. The polymers were characterized in detail utilizing 1H NMR, UV/vis spectroscopy,
MALDI-TOF-MS, and viscosity measurements. The molecular weight was estimated on the basis of
concentration-dependent viscosity measurements to about 80 000 g/mol. Furthermore, the morphology
of the utilized telechelic bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 and the corresponding
coordination polymer was investigated using atomic force microscopy. In particular, the influence of
complex formation on the morphology was investigated.

Introduction

Developing novel materials based on self-organizing
systems has been a major goal in recent research aimed
at organic-inorganic hybrid materials with interesting
electronic, photophysical, magnetic, and catalytic prop-
erties.1-4 In particular 2,2′:6′,2′′-terpyridine-function-
alized units were incorporated into a large variety of
different architectures5 such as block copolymers,6 graft
copolymers,7 and metallosupramolecular micelles.8 In
addition, a wide range of linear coordination polymers
have been synthesized, whose backbones are held
together by transition-metal complexes (Scheme 1).9-14

However, most of the systems described in the literature
are built up from small organic entities that result in
restricted molecular weights. Coordination polymers
with short organic spacers have been reported mainly
within mass ranges of about 11 000-15 000,9a 30 000-
45 000,9b-d and 70 000.11 Only a few systems have been
reported utilizing polymeric spacers.15 Moreover, only
some of them provide water solubility.

Water-soluble high-molecular-weight poly(ethylene
oxide)s are extensively utilized as functional ingredients
in a variety of different applications such as flocculation
processes, wastewater treatment, mining, food process-
ing, cosmetics, and coagulation.16-20 Reversible systems
can serve as intelligent hydrogels and can be applied
for drug delivery21 or as smart materials (e.g., self-
healing coatings).22 The reversibility of coordination
polymers can be achieved upon external stimuli such
as UV irradiation, temperature, redox chemistry, and
application of competitive ligands.1,23,24 Recently, we
prepared first water-soluble reversible model coordina-
tion polymers on the basis of di(ethylene glycol).23 Here
we present a multigram synthetic approach for high-
molar-mass poly(ethylene oxide)s on the basis of metal-

induced polymerization utilizing bis(2,2′:6′,2′′-terpyrid-
4′-yl)-poly(ethylene oxide)179 as a building block.

Experimental Section
Instruments and Materials. Basic chemicals were ob-

tained from Sigma-Aldrich. 1H NMR spectra were measured
on a Varian Mercury 400 NMR spectrometer. The chemical
shifts were calibrated to the residual solvent peaks or TMS.
UV/vis spectra were recorded on a Perkin-Elmer Lamda-45
(1-cm cuvettes). Viscosity investigations were performed on a
SCHOTT AVS350 system using SCHOTT 85310/I Ubbelohde
viscosimeters. Each viscosity value was determined as an
average of five independent measurements. MALDI-TOF mass
spectrograms were obtained from a Voyager-DE PRO Biospec-
trometry workstation (Applied Biosystems) in linear operation
mode. AFM images were measured on a Solver47H (NT-MDT,
Moscow) equipped with a heating stage. DSC investigations
were performed on a Perkin-Elmer Pyris-1 DSC system with
a heating rate of 10 K/min (Tc and Tm) and 40 K/min (Tg).

Preparation of Bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(eth-
ylene oxide)179 (1). A mixture of 20.00 g (2.18 mmol) of poly-
(ethylene oxide)179 and 1.22 g of (21.77 mmol) KOH in 200 mL
of DMSO (dry) was stirred for 1 h at 60 °C. 4′-Chloro-2,2′:6′,2′′-
terpyridine (1.40 g (5.23 mmol)) was added, and stirring was
continued for 72 h at 60 °C. Subsequently, the solvent was
removed in vacuo. The residue was dissolved in 75 mL of H2O
and extracted four times with 250 mL of CHCl3 each time.
The combined organic layers were dried over Na2SO4, the
solvent was removed in vacuo, and the residue was dissolved
in THF. Precipitation with diethyl ether yielded bis(2,2′:6′,2′′-
terpyrid-4′-yl)-poly(ethylene oxide)179 as a colorless powder.
Yield: 15.92 g, 1.72 mmol (79%).

1H NMR (400 MHz, CDCl3): δ 3.48 (m, 4H, O-CH2), 3.64
(m, 965H, O-CH2), 3.75 (m, 4H, O-CH2), 3.82 (m, 4H,
O-CH2), 3.94 (m, 4H, O-CH2), 4.40 (m, 4H, O-CH2), 7.33 (m,
4H, H-5,5′′), 7.85 (ddd, 4H, J ) 8.2, 8.2, 2.0 Hz, H-4,4′′), 8.04
(m, 4H, H-3′,5′), 8.62 (m, 4H, H-3,3′′), 8.63 (m, 4H, H-6,6′′).

UV/vis (CH3CN): λmax/nm (ε[104 L mol-1 cm-1]) ) 238 (4.94),
274 (4.59).

MS (MALDI-TOF, dithranol): Mn ) 9100 g/mol, Mw ) 9200
g/mol, PDI ) 1.01.

Preparation of [Bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly-
(ethylene oxide)179]n. Procedure A: 300.0 mg (33.0 µmol) of
bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 and 4.18 mg
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of (33.0 µmol) FeCl2 were added to 10 mL of CHCl3 and stirred
at ambient temperature for 14 h. After the addition of a few
drops of methanol, the reaction mixture was heated to 60 °C
and stirred for an additional 28 h. The solvent was removed
in vacuo, and the residue was washed several times with
diethyl ether. The product was isolated as a purple solid.
Yield: 280 mg (92%).

1H NMR (400 MHz, CDCl3): δ ) 3.62 (m, 1150H, O-CH2),
4.18 (s, br, 4H, tpy-O-CH2CH2), 5.25 (s, br, 4H, tpy-O-CH2-
CH2), 7.02 (s, br, 4H, H-5,5′′), 7.10 (s, br, 4H, H-6,6′′), 7.89 (s,
br, 4H, H-4,4′′), 9.11 (s, br, 4H, H-3,3′′), 9.20 (s, br, 4H, H-3′,5′′).

UV/vis (CH3OH): λmax/nm (ε[104 L mol-1 cm-1]) ) 244 (4.39),
275 (5.25), 319 (3.66), 559 (1.10).

ηrel ) 2.41 (methanol, c ) 20 mg/mL, 20 °C).
Procedure B: FeCl2 (6.96 mg (52.3 µmol)) was dissolved in

20 mL of methanol under argon. A solution of 250.0 mg (27.5
µmol) of bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 in
10 mL of CHCl3 was slowly added at ambient temperature.
After 4 h of stirring, another 250.0 mg (27.5 µmol) of bis(2,2′:
6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 dissolved in 10 mL
of CHCl3 was added. The reaction mixture was stirred at
60 °C for 14 h. The solvent was removed in vacuo, and the
product was isolated in quantitative yield as a purple solid.
Yield: 490 mg (97%).

1H NMR (400 MHz, CDCl3): δ 3.62 (m, 1150H, O-CH2),
4.18 (s, br, 4H, tpy-O-CH2CH2), 5.25 (s, br, 4H, tpy-O-CH2-
CH2), 7.02 (s, br, 4H, H-5,5′′), 7.10 (s, br, 4H, H-6,6′′), 7.89 (s,
br, 4H, H-4,4′′), 9.11 (s, br, 4H, H-3,3′′), 9.20 (s, br, 4H, H-3′,5′′).

UV/vis (CH3OH): λmax/nm (ε[104 L mol-1 cm-1]) ) 243 (4.37),
275 (5.29), 320 (3.64), 558 (1.11).

ηrel ) 2.74 (methanol, c ) 20 mg/mL, 20 °C).
Procedure C: Bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene ox-

ide)179 (2000.0 mg (22.0 µmol)) was dissolved in a minimum
amount of CHCl3 under argon. A solution of 27.86 mg (22.0
µmol) of FeCl2 in methanol was added at once with vigorous
stirring. Gel formation immediately took place. The solvent
was removed in vacuo, and the product was isolated in
quantitative yield. Yield: 1970 mg (97%).

1H NMR (400 MHz, methanol-d6): δ 3.66 (m, 1150H,
O-CH2), 4.20 (m, 4H, tpy-O-CH2CH2), 4.83 (m, 4H, tpy-
O-CH2CH2), 7.24 (m, 4H, H-5,5′′), 7.30 (m, 4H, H-6,6′′), 8.00
(m, 4H, H-4,4′′), 8.72 (m, 4H, H-3,3′′), 8.84 (s, br, 4H, H-3′,5′).

1H NMR (400 MHz, CDCl3): δ 3.62 (m, 1150H, O-CH2),
4.18 (s, br, 4H, tpy-O-CH2CH2), 5.25 (s, br, 4H, tpy-O-CH2-
CH2), 7.02 (s, br, 4H, H-5,5′′), 7.10 (s, br, 4H, H-6,6′′), 7.89 (s,
br, 4H, H-4,4′′), 9.11 (s, br, 4H, H-3,3′′), 9.20 (s, br, 4H, H-3′,5′).

UV/vis (CH3OH): λmax/nm (ε[104 L mol-1 cm-1]) ) 244 (4.36),
274 (5.30), 319 (3.65), 559 (1.12).

MS (MALDI-TOF, dithranol): Mn ) 18 900 [bis(2,2′:6′,2′′-
terpyrid-4′-yl)-FeCl-poly(ethylene oxide)179]+; Mn ) 29 070
[bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl-poly(ethylene oxide)179]2

+;
Mn ) 39 250 [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl-poly(ethylene
oxide)179]3

+; Mn ) 48 790, [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl-
poly(ethylene oxide)179]4

+; Mn) 57 820 [bis(2,2′:6′,2′′-terpyrid-
4′-yl)-FeCl-poly(ethylene oxide)179]5

+; Mn ) 67 490 [bis-
(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl-poly(ethylene oxide)179]6

+.
ηrel ) 5.51 (methanol, c ) 20 mg/mL, 20 °C).
Preparation of [Bis(2,2′:6′,2′′-terpyrid-4′-yl)-MeX2-poly-

(ethylene oxide)179]n: Viscosity Measurements at Room
Temperature. Bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene ox-
ide)179 (100.0 mg (11.0 µmol)) was dissolved in 5 mL of
methanol. The respective metal salts (cadmium(II) acetate,
copper(II) acetate, cobalt(II) acetate, nickel(II) acetate, iron(II)
sulfate, and iron(III) chloride) were added stepwise in 100-µL
portions (corresponding to 20 mol % steps) from a stock
solution (0.22 mmol in 10 mL of methanol) at ambient
temperature. The relative viscosity of the solution was deter-
mined after each addition of the metal salt after a waiting
period of 30 min.

Sample Preparation for the AFM Measurements. Solu-
tions of bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 and
[bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n in
methanol (c ) 20 mg/mL) were drop-casted on a silica wafer.
The samples were annealed at 70 °C for 30 min utilizing the
heating stage of the AFM. The annealed samples were
measured at room temperature.

Results and Discussion

The terpyridine-modified poly(ethylene oxide) was
synthesized on a 20-g scale by a Williamson-type
reaction. In the first step, poly(ethylene oxide)179 was
deprotonated in a DMSO/KOH suspension, followed by
an addition of 4′-chloro-2,2′:6′,2′′-terpyridine. Bis(2,2′:
6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 (1) (Figure 1)
could be isolated in 79% yield after precipitation (proven
by 1H NMR, MALDI-TOF-MS, UV/vis, and GPC). To
evaluate the capability of the spontaneous formation of
extended coordination polymers at room temperature,
the complexation behavior of 1 toward a wide range of
metal salts was investigated and monitored by mea-
surements of the relative viscosity. However, to exclude
any nonspecific complexation with the utilized metal
ions (see, for example, refs 25 and 26), reference
experiments were undertaken. The addition of iron(II)

Scheme 1. Schematic Representation of the Metal-Induced Formation of Coordination Polymers

9944 Schmatloch et al. Macromolecules, Vol. 36, No. 26, 2003



sulfate to unfunctionalized poly(ethylene oxide)179 up to
a molar ratio of 1.6:1 (typical range of the performed
viscosity measurements) did not result in any change
of the relative viscosity (Figure 2, bottom). In contrast
to these findings, the stepwise addition (in 20 mol %
portions) of different metal salt solutions in methanol
(cadmium(II) acetate, copper(II) acetate, cobalt(II) ac-
etate, nickel(II) acetate, iron(II) sulfate) to a solution
of 1 in methanol (20 mg/mL) resulted for all salts in an
increase in the relative viscosity up to a maximum value
at a metal ion-to-telechelic ratio of 1:1, followed by a
decrease in viscosity for higher ratios (Figure 2, top).
Considering the reference measurement, this change in
the relative viscosity can be exclusively attributed to
the formation of coordination polymers. Similar to
polycondensation reactions, small amounts of only

partially functionalized monomers should lead to a
drastic decrease in the degree of polymerization for the
formation of metallosupramolecular coordination poly-
mers. This would also lead to maximum relative viscos-
ity values below the 1:1 ratio. Therefore, this point can
serve as additional proof of the quantitative bisfunc-
tionalization.

As can be seen from Figure 2, the absolute values for
the maximum viscosities vary for the different metal
ions. The relative viscosity reaches values of ηrel ) 1.55
with cadmium(II) acetate, ηrel ) 2.22 with copper(II)
acetate, ηrel ) 2.37 with cobalt(II) acetate, ηrel ) 2.60
with nickel(II) acetate, and ηrel ) 2.75 with iron(II)
sulfate. The relative viscosity is directly related to the
molecular weight of the linear coordination polymers
and therefore to the degree of polymerization. The latter

Figure 1. Synthesis of the telechelic bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 (1).

Figure 2. Viscosimetry experiments. (Top) Stepwise addition of (a) iron(III) chloride, (b) cadmium(II) acetate, (c) copper(II) acetate,
(d) cobalt(II) acetate, (e) nickel(II) acetate and (f) iron(II) acetate to a solution (c ) 20 mg/mL methanol) of bis(2,2′:6′,2′′-terpyrid-
4′-yl)-poly(ethylene oxide)179 leads to different maximum values of the relative viscosity for an equivalent addition of the metal
salt. The addition of iron(III) chloride does not result in an increase in the relative viscosity. (Bottom) As demonstrated for the
example of iron(II) sulfate, the addition of metal salt to unfunctionalized poly(ethylene oxide)179 does not result in an increase in
the relative viscosity.
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depends on the stability constants of the monocomplexes
and biscomplexes. For all metal complexes discussed
here, the stability constants of the biscomplexes are
higher than those of the corresponding monocomplexes
(e.g., log K (iron(II) monocomplex) ) 7.1, log K (iron(II)
biscomplex) ) 13.8, log K (nickel(II) monocomplex) )
10.7, log K (nickel(II) biscomplex) ) 11.1, log K (cobalt-
(II) monocomplex) ) 8.4, log K (cobalt(II) biscomplex)
) 9.927,28). Therefore, the relative viscosity values can
be qualitatively correlated to the thermodynamic stabil-
ity of the biscomplexes. The maximum values of the
viscosities for the different complexing metal ions in the
coordination polymers (iron(II) > nickel(II) > cobalt(II)
> copper(II) > cadmium(II)) are in agreement with
available literature data for the stability constants of
the formed biscomplexes (see above-mentioned values
for iron(II), nickel(II), and cobalt(II), kinetic consider-
ations are not taken into account).27,28 Furthermore, the
viscosity behavior upon addition of an excess of metal
ions also varies significantly depending on the metal
ions utilized (Figure 2): the relative viscosity im-
mediately decreases in the cases of cadmium(II), copper-
(II), and cobalt(II). For iron(II), the decrease is much
less pronounced, and for nickel(II), a plateau is reached
that is almost independent of the amount of added metal
salt. These observations also correspond qualitatively
to the thermodynamic stability of the biscomplexes.

Because of the high viscosities obtained for the iron-
(II) coordination polymers and their nontoxicity, the
formation of [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly-
(ethylene oxide)179]n was investigated for different reac-
tion conditions in more detail. Chloroform was applied
as a solvent in all cases. It provides better solubility for
the (2,2′:6′,2′′-terpyrid-4′-yl) moieties, which leads to
improved accessibilty. As can be seen from Figure 2
(graph a), the addition of iron(III) chloride does not lead
to an increase in viscosity. To avoid oxidation to iron-
(III), the reaction was performed under an argon
atmosphere. Procedure A facilitates the slow dissolution
of iron(II) chloride over the course of 18 h and was
chosen to guarantee a more defined build up of the

coordination polymer. Higher concentrations (30 mg/
mL) were applied to prevent intramolecular complex-
ation (ring formation). The synthetic strategy of proce-
dure B aimed at an initial formation of monocomplexes
applying a 2:1 ratio (iron(II) chloride/1), followed by
polymerization by an additional feed of 1 (Scheme 2).
For procedure C, high concentrations (about 150 mg/
mL) and a fast addition of iron(II) chloride at room
temperature were applied.

For all reaction conditions, quantitative complex
formation could be demonstrated by means of 1H NMR
and UV/vis spectroscopy. UV/vis revealed the typical
MLCT band for iron(II)-bisterpyridine complexes at 559
nm and a bathochromic shift of the π-π* band (Figure
3). The extinction coefficient of the MLCT band cor-
relates with values obtained for model complexes and
similar coordination polymers.23 The signals of the
terpyridine protons in the 1H NMR spectrum are shifted
(Figure 4). The formation of octahedral complexes

Scheme 2. Schematic Representation of the Iron(II) Induced Formation of Monocomplexes and Further
Polymerization upon the Addition of Free Telechelics without the Formation of Monocycles

Figure 3. UV/vis spectrum (methanol) of telechelic 1 (dotted
line) and coordination polymer [bis(2,2′:6′,2′′-terpyrid-4′-yl)-
FeCl2-poly(ethylene oxide)179]n (straight line).
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results in a change from an antiperiplanar (uncom-
plexed state) to a synperiplanar conformation (com-
plexed state). The protons in the 6,6′′ position are shifted
to higher fields, and the protons in 3′,5′ position are
shifted to lower fields. Furthermore, the absence of the
signals of the free ligand in the spectra demonstrates
quantitative complex formation. Finally, the broadening
of the signal peaks indicates the formation of extended
coordination polymers.

At a macroscopic level, the complexed material re-
vealed polymeric character with film-forming properties
from methanol and chloroform. These films swell in
water and dissolve only after 20 h at room temperature.
In organic solvents (such as methanol or chloroform),
the films can be redissolved only in the ultrasonic bath
at 50 °C after 30 min. Furthermore, the material was
investigated utilizing MALDI-TOF mass spectrometry,
viscosity measurements, scanning probe microscopy
(morphology investigations), and DSC (thermal inves-
tigations). The MALDI-TOF-MS spectrogram showed
different distributions corresponding to the masses of
oligomers of up to seven repeating units (Figure 5). The
absence of mass fractions of higher-molecular-weight
oligomers or polymers can be explained by the opening
of the iron(II)-terpyridine complexes under the MALDI
conditions or insufficient desorption. Similar results
were obtained for model complexes (R-methoxy-ω-(2,2′:
6′,2′′-terpyrid-4′-yl)-Fe(PF6)2-poly(ethylene oxide)78 and
comparable dimers.10,23,29

The observed values of the relative viscosities differed
depending on the applied reaction procedures: ηrel )
2.41 for procedure A and ηrel ) 2.74 for procedure B.
Procedure C yielded materials with the highest relative
viscosity of ηrel ) 5.51 (all measurements were per-
formed in methanol with a concentration of c ) 20 mg/
mL). Assuming quantitative complex formation, several
reasons for the different values of the relative viscosity
can be discussed. One of them is the formation of cyclic
oligomers (most probably monocycles). The results of the
polymerizations following the described conditions allow
us to draw two principal conclusions: (1) High concen-
trations favor the intermolecular complexation and
therefore the formation of extended coordination poly-

mers rather than cyclic structures. (2) The mode of
metal salt addition strongly influences the polymeriza-
tion. Point 1 is obvious. Regarding the latter argument,
it must be pointed out that 2,2′:6′,2′′-terpyridine is
known to form monocomplexes with iron(II).30 Starting
with an excess of metal salt (procedure B) is expected
to result in the preformation of monocomplexes, which
avert the formation of monocycles. Therefore, even if
applying lower concentrations (procedure A: c ) 30 mg/
mL, procedure B: c ) 12.5 mg/mL), procedure B leads
to higher relative viscosity values due to an optimized
metal salt addition. Monomer concentrations of about
150 mg/mL applied in procedure C facilitates an instant
and quantitative complexation at room temperature.

Concentration-dependent viscosity measurements were
performed with the coordination polymer [bis(2,2′:6′,2′′-
terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n synthe-
sized according to procedure C. The measurements were
performed in methanol within a concentration range of
2 × 10-2 to 7 × 10-2 g mL-1 (Figure 6). The relative
viscosity value dropped from 5.51 initially to 2.12. By
extrapolating to concentration zero, the intrinsic viscos-

Figure 4. Aromatic region of the 1H NMR (400 MHz, CDCl3)
spectrum of coordination polymer [bis(2,2′:6′,2′′-terpyrid-4′-yl)-
FeCl2-poly(ethylene oxide)179]n.

Figure 5. MALDI-TOF spectrogram (matrix: 2,5-dihydroxy-
benzoic acid) of the linear coordination polymer [bis(2,2′:6′,2′′-
terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n. The observed
distributions with the m/z maxima of 18 900, 29 070, 39 250,
48 790, 57 820, and 67 490 correspond to oligomers with
degrees of polymerization of 2, 3, 4, 5, 6, and 7, respectively.

Figure 6. Plot of the relative viscosity of coordination polymer
[bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n in
methanol in a concentration range between 7 and 20 mg/mL.
(Inset) Plot of the reduced viscosity against the concentration.
Extrapolation to zero concentration reveals an intrinsic viscos-
ity of [η] ) 113.

Macromolecules, Vol. 36, No. 26, 2003 Soluble High-Molecular-Mass Poly(ethylene oxide)s 9947



ity could be determined ([η] ) 113). Using the equation
[η] ) K[η] × Ma and applying K[η] and a values for pure
poly(ethylene oxide),31 a molecular weight of about Mn
) 80 000 could be estimated for the coordination poly-
mer. To the best of our knowledge, only one iron(II)
coordination polymer has been reported with a similar
high molecular weight of 70 000. However, the reported
coordination polymer was not soluble in water, metha-
nol, or chloroform.11

The morphology of the telechelic 1 and the iron(II)
coordination polymer (synthesized according procedure
C) has been investigated using atomic force microscopy.
The first set of samples was prepared by drop-casting
from solutions in methanol (c ) 20 mg/mL) on silicon.
The height images showed a uniform flat surface for
both materials. However, the phase images of 1 (Figure
7a) and of the linear coordination polymer (Figure 7b)
clearly revealed a lamellar structure. The dimensions
did not significantly vary between both materials. The
sizes of the lamella were about 14-18 nm for 1 and 13-
18 nm for the coordination polymer. Subsequently, the
samples were annealed at 70 °C for 30 min (utilizing
the heating stage of the AFM) and measured again at
room temperature. The morphology of the coordination
polymer revealed a double-lamella structure (Figure 7d).
For annealed compound 1, no double-lamella structure
could be obtained. Double-lamella structures have al-
ready been reported in the literature for unfunctional-

ized, low-molecular-weight poly(ethylene oxide)s.32 They
are based on crystalline, folded chains. Uneven folds
result in a double-lamella structure. The folding is
believed to result from hydrogen bonding of the free
hydroxy end groups of the polymer. Consequently, the
absence of hydrogen bonding units due to end-of-chain
functionalization hinders chain folding and a multiple-
lamella structure. This has already been reported for
R,ω-bismethoxy functionalized poly(ethylene oxide)s.33

In contrast, the metal-induced polymerization of the
telechelic provides these secondary interactions in the
form of the iron(II)-bis(2,2′:6′,2′′-terpyrid-4′-yl) com-
plexes and leads to the build-up of double-lamella
structures (Figure 8). The model of a once-folded
chain for [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(eth-
ylene oxide)179]n is furthermore in agreement with the
experimental finding that the size of the lamellae does
not differ between 1 and the coordination polymer. The
extended chain crystals and the double-folded structure
are about the same size. Because of the strong depen-
dence on the crystallization conditions (e.g., tempera-
ture), a comparison of the lamella domain size with
literature data is critical. However, the lamellae dimen-
sions of the telechelic bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly-
(ethylene oxide)179 seem to be very small; possibly the
terpyridine unit is acting as a defect that inhibits larger
crystalline domains.

Figure 7. Comparison of the AFM images (phase image, film preparation: drop casting of a 0.1% solution in methanol) of (a)
bis(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 and (b) coordination polymer [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene
oxide)179]n. Both images reveal a typical lamellar structure. (c) AFM phase images of an annealed sample (70 °C, 30 min) of
[bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n. Lamella are seen face-on (A) and edge-on (B). d) Single lamella reveals
a double line feature consisting of two phase domains of about 6 nm separated by a domain (having the opposite phase) of about
4 nm.
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Finally, DSC measurements were undertaken for 1
and the coordination polymer (prepared by procedure
C). At a heating rate of 40 °C/min, the crystallization
temperature (Tc) and the melting temperature (Tm) were
determined: Tc ) 32.5 °C (∆Hc ) -148.7 J/g) and
Tm ) 60.8 °C (∆Hm ) 155.5 J/g) for 1 and Tc ) 22.5 °C
(∆Hc ) -99.2 J/g) and Tm ) 54.5 °C (∆Hm ) 102.0 J/g)
for the coordination polymer. The coordination polymer
reveals considerably lower crystallization temperatures
and melting points. Having similar lamella domain
dimensions, a different size for the crystalline regions
cannot be the reason for the lower Tc and Tm values of
the coordination polymer in comparison with those of
free telechelic 1. The reason is rather the more demand-
ing build-up of crystals from the elongated chains as
well as the need for chain folding. The glass-transition
temperature (Tg) of [bis(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-
poly(ethylene oxide)179]n was determined to be -47.6 °C
(determined at a heating rate of 10 °C/min), whereas
telechelic 1 did not show a glass transition.

Conclusions
In this contribution, we presented the synthesis and

full characterization of the coordination polymer [bis-
(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n.
By applying suitable reaction conditions, high-molecu-
lar-weight coordination polymers could be instantly
prepared on the basis of self-assembly at ambient
temperatures. A quantitative complexation of the (2,2′:
6′,2′′-terpyrid-4′-yl) moieties could be proven by 1H NMR
and UV/vis spectroscopy. MALDI-TOF-MS revealed
masses corresponding to oligomers of up to seven
repeating units. In addition, the material revealed film-
forming properties and swelling characteristics that
indicate the polymeric character of the material. Fur-
thermore, the molecular weight has been estimated on
the basis of concentration-dependent viscosity measure-
ments. The calculated Mn of 80 000 g/mol represents one
of the highest reported molecular weights for iron(II)
coordination polymers. AFM investigations revealed a
lamellar morphology for 1 as well as for the coordination
polymer. A substructure was obtained for the latter one,
which might be attributed to an ordering of the metal
complex units. In the future, the “switching” properties
of the coordination polymer will be investigated.
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Angew. Chem., Int. Ed. 1998, 37, 2891-2893.

(13) Kurth, D. K.; Osterhout, R. Langmuir 1999, 15, 4842-4846.
(14) Dobrawa, R.; Würthner, F. Chem. Commun. 2002, 1878-

1879.
(15) Eisenbach, C. D.; Schubert, U. S. Macromolecules 1993, 26,

7372-7374.
(16) Raichur, A. M.; Misra, M.; Davis, S. A.; Smith, R. W. Miner.

Metall. Process. 1997, 14, 22-26.
(17) Kislik, V.; Eyal, A. Water Sci. Technol. 2001, 1, 119-129.
(18) Specialty Monomers and Polymers; Havelka, K. O., McCor-

mick, C. L., Eds.; ACS Symposium Series 755; American
Chemical Society: Washington, DC, 2000.

(19) Bruce D. Drug Cosmet. Ind. 1994, 154, 47-50.
(20) Water-Soluble Polymers: Synthesis, Solution Properties and

Applications; Shalaby, S. W., McCormick, C. L., Butler, G.
B. Eds.; ACS Symposium Series 467; Washington, DC, 1991.

(21) Kobayashi, K.; Suzuki, H. Chem. Sens. 2000, 16, 70-72.
(22) Schubert, U. S.; Hochwimmer, G.; Schmatloch, S.; Hofmeier,

H. Eur. Coat. J. 2003, 6, 28-34.
(23) Schmatloch, S.; Fernández-Gonzalez, M.; Schubert U. S.

Macromol. Rapid Commun. 2002, 23, 957-961.
(24) Heller, M.; Schubert, U. S. Macromol. Rapid Commun. 2001,

22, 1358-1363.
(25) Caminiti, R.; Carbone, M.; Panero, S.; Sadun, C. J. Phys.

Chem. B 1999, 103, 10348-10355.
(26) Bernson, A.; Lindgren, J.; Huang, W.; Frech, R. Polymer 1995,

36, 4471-4478.
(27) Hoyler, R. H.; Hubbard, C. D.; Kettle, S. F. A.; Wilkins, R.

G. Inorg. Chem. 1966, 5, 622-625.
(28) Satterfield, M.; Brodbelt, J. S. Inorg. Chem. 2001, 40, 5393-

5400.
(29) Meier, M. A. R.; Lohmeijer, B. G. G.; Schubert, U. S. J. Mass

Spectrom. 2003, 38, 510-516.
(30) See, for example, (a) Constable, E. C. Adv. Inorg. Chem.

Radiochem. 1986, 30, 69-121. (b) Hogg, R.; Wilkins, R. G.
J. Chem. Soc., Abstr. 1962, 341-350.

(31) Sadron, C.; Rempp, P. J. Polym. Sci. 1958, 29, 127-140.
(32) (a) Barnes, W. J. F.; Price, P. Polymer 1964, 5, 283. (b) Cheng,

S. Z. D.; Bu, H. S.; Wunderlich, B. Polymer 1988, 29, 579-
583.

(33) Cheng, S. Z. D.; Chen, J. J. Polym. Sci., Part B: Polym. Phys.
1991, 29, 311-327.

MA0350359

Figure 8. Model for extended chains of free telechelic bis-
(2,2′:6′,2′′-terpyrid-4′-yl)-poly(ethylene oxide)179 and the once-
folded double-lamella structure of coordination polymer [bis-
(2,2′:6′,2′′-terpyrid-4′-yl)-FeCl2-poly(ethylene oxide)179]n.
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