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Metal-containing polymers are attracting growing attention
as functional materials as a result of the useful physical and
catalytic properties that arise from the presence of metal
centers.[1] For example, metallopolymers with reversible
redox properties are of interest for applications in electro-
catalysis[2] and sensing,[3] as responsive surfaces[4] and capsu-
les,[5] and as the active components of photonic crystal
displays.[6] Block copolymers containing metal centers present
additional features of considerable interest as a result of their
ability to undergo self-assembly in the solid state or solution.
Studies of such materials have led to applications as nano-
templates in lithography[7] and as precursors to patterned
magnetic nanostructures[8] and nanocatalysts for carbon
nanotube growth.[9] However, the synthesis of materials
containing metalloblocks by living polymerization protocols
presents substantial challenges as a result of undesirable side
reactions of many metal centers with ionic and radical
propagating sites. Herein, we describe our initial results on
the synthesis and properties of unusual main-chain hetero-
bimetallic diblock copolymers with different redox-active
centers in each metalloblock.

The ring-opening polymerization (ROP) of strained
metallocenophanes 1 provides a well-studied route to func-
tional metallopolymers 2.[10–12] In particular, the ROP of 18-
electron sila[1]ferrocenophanes (1, M = Fe, ExRy = SiR2)
represents a useful route to polyferrocenylsilanes (PFSs, 2,
M = Fe, ExRy = SiR2) which exhibit many interesting charac-
teristics.[13] Living anionic polymerization of sila[1]ferroceno-
phanes (1, M = Fe, ExRy = SiR2) using organolithium initia-

tors such as nBuLi proceeds by cleavage of the Si–Cp bond
(Cp = cyclopentadienyl), and has been developed as a route
to a variety of PFS block copolymers.[14] An alternative
procedure, living photocontrolled ROP in the presence of
cyclopentadienide anion initiators,[15] involves photoactiva-
tion and subsequent cleavage of the Fe–Cp bond. These living
ROP routes have been extended to prepare block copolymers
from several [1]- and [2]ferrocenophanes containing various
bridges (1, M = Fe, ExRy = GeR2,

[16] PR,[17] or C2R4
[18]);

however, their use for analogous materials containing
metals other than iron is unexplored. Here, we demonstrate
the synthesis of PFS diblock copolymers with a poly(cobalto-
ceniumethylene) ([PCE]+) coblock derived from the dicar-
ba[2]cobaltococenophane 3. Living photocontrolled ROP of
3, which has not been previously reported, was explored
because the previously demonstrated thermal ROP to afford
[PCE]+ homopolymer and also ring-opening oligomerizations
of 3 appeared to proceed through Co–Cp bond cleavage.[19]

The successful synthesis of PFS-b-[PCE]+ block copoly-
mers was accomplished by sequential photocontrolled ROP
of 1 (M = Fe, ExRy = SiMe2) and 3 followed by oxidation of
the 19-electron cobaltocene centers (Scheme 1).[19–22] The
living PFS blocks were synthesized by addition of sodium
cyclopentadienide (NaCp) as initiator to a solution of 1 (M =

Fe, ExRy = SiMe2) in tetrahydrofuran (THF) under anhydrous
conditions, followed by prolonged irradiation (5–24 h) of the
solutions at 5 8C. The living PFS chains were then combined
with 19-electron cobaltocenophane 3, and the solutions
irradiated at 20 8C (to increase solubility) until the block
copolymers precipitated from solution (15–24 h). The living
polymer chains were quenched by, and the resulting product
washed with degassed methanol, oxidized by air in the
presence of ammonium triflate ([NH4][OTf]), and dialyzed
against water for 72 h. The yellow block copolymers were
then filtered and dried in vacuo. The molecular weight (Mn)
of the diblock copolymers was determined from the Mn of the
PFS block (which was determined by gel permeation chro-
matography (GPC) analysis of an aliquot of the reaction
solution before the addition of 3) through comparison of the
relative integrations of the -CH2CH2- signal from the [PCE]+

block and the -SiMe2- signal from the PFS block in the
1H NMR spectra. In this study two materials were prepared:
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PFS50-b-([PCE][OTf])50 4a and PFS42-b-([PCE][OTf])75 4b,
where the subscripts represent the number-average degree of
polymerization.

The 1H NMR spectrum of block copolymer 4a in a 9:1
mixture of [D8]THF and D2O included well-resolved reso-
nances corresponding to the two blocks (Figure 1 and Fig-
ure S1 in the Supporting Information).[23] The [PCE]+ block
contributed two resonances at d = 5.73 and 5.69 ppm because
of the substituted Cp ligands, and a singlet at d = 2.81
corresponding to bridging methylene moieties. The remaining
signals could be assigned to the PFS block, with peaks
observed at d = 4.22 and 4.03 ppm for the substituted Cp
ligands and a singlet at d = 0.47 ppm because of the methyl

substituents of the SiMe2 bridge. The 13C NMR spectrum was
consistent with the assigned structure, showing three unique
signals for the Cp at d = 107.0, 85.4, 85.2 ppm and a signal at
d = 28.9 ppm for the bridging methylene groups of the [PCE]+

block. The Cp resonances at d = 73.9, 72.3, and 72.0 ppm and
the signal for the -SiMe2- bridge at d =�0.5 ppm were
assigned to the PFS block. A single resonance at d =

�6.7 ppm in the 29Si NMR spectrum was observed for the
�SiMe2� bridge of the PFS block. A singlet in the 19F NMR
spectrum at d =�79.0 ppm and a strong IR band at 1257 cm�1

[nas(SO3)] confirmed the presence of the triflate anion [OTf]� .
The NMR spectra obtained for 4b were consistent with the
structure assigned for 4a (Figure S2 in the Supporting
Information).

The electronic spectra of block copolymers 4a and 4b
consist of broad absorptions between 375 and 600 nm (lmax =

407 and 405 nm for 4a and 4b, respectively) attributed to d–d
transitions in the 18-electron ferrocene (fc) and cobaltoce-
nium repeat units (Figures S3 and S4 in the Supporting
Information). To probe the redox properties of 4a and 4b,
cyclic voltammetry experiments were conducted (Figure 2a
and Figures S5 and S6 in the Supporting Information).

The cyclic voltammogram of 4a in a 9:1 mixture of THF
and water with supporting electrolyte [NBu4][OTf] was
characterized by three separate redox events. Two separate
oxidation waves (E1/2 = 0.17 and 0.26 V vs. fc/fc+) were
assigned to the PFS block. The presence of two oxidation
waves in the PFS polymers has previously been attributed to
electronic communication between neighboring ferrocene
units, resulting in sequential oxidation of alternating ferro-
cene moieties in the polymer backbone.[24] A third redox
event corresponding to the reduction of the [PCE]+ block was
observed at a potential of �1.27 V vs. fc/fc+, which was close
to the edge of the electrochemical window of the solvent
mixture employed. The reduction potential observed was
consistent with that reported for ([PCE][NO3])n (ca. �1.3 V
vs. fc/fc+) prepared by thermal ROP.[19] The electrochemical
properties of 4b were similar to those of 4a, with a larger
current response observed because of the relatively longer
[PCE]+ block. A significant feature of these materials is the
ability to access three different polymeric species based on
the redox events observed (PFS-b-PCE, PFS-b-[PCE]+, and
[PFS]+-b-[PCE]+; Figure 2b).

The thermal properties of block copolymers 4a and 4b
were studied by thermal gravimetric analysis (TGA), and
differential scanning calorimetry (DSC) to assess their
thermal stability and to probe for thermal transitions
common to polymeric materials. TGA studies revealed two
distinct decomposition steps for each block copolymer
(Figures S7 and S8 in the Supporting Information) before
each sample reached a steady state at temperatures above
600 8C. The char yields of the resulting magnetically respon-
sive black powders were 33% for 4a and 44% for 4b. DSC
studies over a temperature range of �40 to 250 8C revealed
glass-transition temperatures (Tg) of around 32 and 34 8C
because of the PFS block in 4a and 4b and broad features,
which may be associated with glass transitions of the [PCE]+

blocks, between 35 and 150 8C (Figures S9 and S10 in the
Supporting Information). No melting endotherm was

Scheme 1. Synthesis of heterobimetallic block copolymers through
photocontrolled ROP (OTf�= trifluoromethanesulfonate; triflate
anion).

Figure 1. 1H NMR spectrum of block copolymer 4a in a 9:1 mixture of
[D8]THF and D2O. The asterisks denote residual protonated NMR
solvent signals and tetramethylsilane (TMS).

Communications

5852 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 5851 –5855

http://www.angewandte.org


observed for PFS, even upon prolonged isothermal annealing
(70 8C, 24 h). Wide-angle X-ray scattering (WAXS) studies of
4a and 4b (Figures S11 and S12 in the Supporting Informa-
tion) were consistent with the absence of crystalline domains
of PFS, and contained only very weak signals (d = 4.78 �)
associated with the [PCE]+ block (Figure S13 in the Support-
ing Information). The absence of crystalline domains of PFS
in block copolymers 4a and 4b contrasts with the crystallinity
detected by DSC and WAXS studies of a sample of the PFS
homopolymer corresponding to the first block of 4a (Fig-
ures S14 and S15 in the Supporting Information). This may be
associated with inhibition of the crystallization because of the
incompatibility of the PFS and [PCE]+ blocks and the lack of
chain mobility in the latter.

The solution self-assembly of block copolymers compris-
ing a crystalline poly(ferrocenyldimethylsilane) core-forming
block and a solubilizing organic block (e.g., polyisoprene,
poly(2-vinylpyridine) (P2VP), or polydimethylsiloxane) have
recently received significant attention because of the ability of
micelles based on these materials to grow through a
crystallization-driven living self-assembly mechanism. The
growth mechanism, which arises because of the crystallinity of
the PFS block, has been exploited in the realization of block
co-micelles,[25] scarflike micelles, micelle brushes,[26] and
monodisperse cylindrical micelles.[27] Access to the PFSm-b-
([PCE][OTf])n block copolymers 4a and 4b prompted us to
study the solution self-assembly behavior of these materials as
a possible route to new heterobimetallic micelle architectures.

Dissolution of 4a in solvent mixtures chosen to be
selective for the [PCE]+ block such as MeOH or H2O failed
to give aggregates of consistent size and shape when samples
were drop-cast onto carbon-coated copper grids and screened
by TEM. However, spherical micelles (radius ca. 8 nm) were

observed in a 0.5 mg mL�1 solution of 4a in a 9:1 MeOH/water
mixture (Figure S16 in the Supporting Information). The
formation of spherical micelles in hydrophilic nonsolvents is
typical for block copolymers with poly(ferrocenyldimethylsi-
lane) core-forming blocks which, because of their hydro-
phobicity, are unable to crystallize under the self-assembly
conditions.[28]

We have previously shown that crystalline poly(ferroce-
nyldimethylsilane) cores of cylinders formed by the self-
assembly of block copolymers such as PFS-b-P2VP can be
used to template crystalline PFS from PFS block copolymers
that normally form spherical micelles with amorphous
cores.[29] We therefore explored an alternative self-assembly
strategy whereby block copolymer 4a was added to a solution
of short cylindrical micelle seeds (ca. 100–200 nm) to seed the
self-assembly of 4a. The seed micelles were obtained by
sonicating a 0.5 mgmL�1 solution of long (> 5 mm) PFS34-b-
P2VP272 cylindrical micelles for 1 h at �78 8C with a titanium
sonotrode (Figures S17 and S18 in the Supporting Informa-
tion). The seeded self-assembly of 4a was studied by addition
of 2.5 mg of 4a (added as a 10 mgmL�1 solution in THF) to
12.5 mg of PFS34-b-P2VP272 seed micelles in 2.5 mL of
methanol, a good solvent for P2VP and [PCE][OTf]. After
aging for 48 h, the resulting aggregates were studied by TEM
and AFM (Figure 3 and Figure S19 in the Supporting
Information). Addition of 4a to the cylindrical seed micelles
(the height at the middle of the seed micelle is ca. 8 nm
(AFM) and the height at the ends of the seed micelle is ca.
10 nm (AFM); Figure S18 in the Supporting Information)
resulted in elongation of the cylindrical seed micelles,
presumably through epitaxial growth of the PFS block in 4a
from the PFS core of the seed micelle. However, based on
AFM height studies, the growth upon addition of 4a was not

Figure 2. a) Cyclic voltammogram of a 1 mm (with respect to repeat units) solution of 4a in a 9:1 mixture of THF and H2O at a scan rate of
100 mVs�1 with 0.1m [Bu4N][OTf ] as the supporting electrolyte (the working electrode was a 3 mm Pt disk, the reference electrode was Ag/AgCl,
and the auxiliary electrode was a Pt wire). b) Relevant species in the redox switching of PFSm-b-([PCE][OTf ])n block copolymers.
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restricted to the ends of the seed micelles, but rather occurred
in three dimensions (3D) around the seed micelle (the height
at the middle of the seed micelle is ca. 12 nm (AFM), the
height at the ends of the seed micelle is ca. 14 nm (AFM), and
the height at the cylinder ends is ca. 11 nm; Figure S19 in the
Supporting Information). A similar 3D growth mechanism
was recently observed when PFS-b-polyphosphazene block
copolymers were grown from PFS-b-P2VP seed micelles.[29]

The “dumbbell-shaped” central portion of the micelle
observed after addition of 4a appears to have originated
from the seed micelle (Figure S18 in the Supporting Informa-
tion), and may be due to structural changes in the seed micelle
core during the sonication process.

In summary, we have successfully synthesized novel
heterobimetallic block copolymers based on ferrocene and
cobaltocenium repeat units by living photocontrolled ROP, a
process that has not previously been demonstrated for 3. The
block copolymers have interesting redox properties because
of the electroactive ferrocene and cobaltocenium centers,
which yield oxidation and reduction waves separated by
around 1.5 V. As a result, the block copolymers described in
this study may have utility as three-stage switches in polymer-
based functional materials. The self-assembly behavior was
also studied and allows access to new heterobimetallic block
co-micelle architectures through living self-assembly. Future

work in this area will focus on detailed studies of a range of
PFS-b-[PCE]+ block copolymers and exploration of their
properties, self-assembly, and functional polymer-based ap-
plications.
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