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This communication describes the design, synthesis, and
structure of the first ruthenium-complex-based hyper-cross-
linker for creating a novel type of active gels as a chemo-
mechanical soft material. Gels, which are soft materials
composed of a three-dimensional (3D) network and a large
amount of liquid, have found a wide range of applications,
from biomedicine (for example, as a medium for tissue
engineering[1]) to consumer products (for example, hair gels).
Cross-linking, physically or covalently, is the fundamental and
necessary attribute to produce a 3D network in a gel. Unlike
supramolecular gels,[2] which are constructed through rever-
sible, non-specific, and physical cross-linking, polymeric gels[3]

usually rely on bifunctional cross-linkers (for example,
bisacrylamide[4]) that become inactive after the formation of
the covalent cross-links during the polymerization.

Whereas most cross-linkers in synthetic networks are less
active, cross-linkers in biopolymer networks are active. For
example, the cytoskeleton of muscle cells has myosin motors
as the active cross-linkers to cross-link actin filaments.[5]

Inspired by this process of converting chemical energy into
mechanical motion, researchers have spent considerable
efforts on using actin and myosins to create active gels
in vitro to explore the structures and dynamics of these
minimal active networks.[6] Encouraged by these develop-
ments, we developed an active cross-linker based on the
tris(bipyridine) ruthenium complex ([Ru(bipy)3]

n+, n = 2 or 3)
for the construction of novel polymer networks (Scheme 1).
We made such a choice for several reasons: First, although
active or functional molecules are increasingly used for
making supramolecular gels,[7] such as self-healing soft
materials,[7a, 8] it is rather rare to generate polymeric gels by
active cross-linkers.[8b, 9] Second, [Ru(bipy)3]

n+, a well-known
coordination compound,[10] has a long-lived excited state that
has both oxidizing and reducing properties, which has
attracted enduring research interests. Although its derivatives
have served as photosensitizers,[11, 12] electrochemiluminescent

components,[13] the core of bacteria-sensing elements,[14]

components for conducting polymers,[15] and as cores of star
polymers,[16] the capacity of [Ru(bipy)3]

n+ as an active or
hyper cross-linker has yet to be explored. Third,
[Ru(bipy)3]

n+, in particular, also serves as a redox catalyst
for a well-established chemical oscillator, namely the Belou-
sov–Zhabotinsky (BZ) reaction.[17] The redox switch of the
[Ru(bipy)3]

n+ complex has led to the development of a self-
oscillating gel that swells in its oxidized state (RuIII) and
shrinks in its reduced state (RuII) during the BZ reactions.[18]

However, in that type of gel, N,N’-methylenebis(acrylamide)
(BIS)[19] is the cross-linker and the ruthenium(II/III) complex
is the pendant of the cross-linked chains of poly(N-isopropy-
lacrylamide).[4, 20] Because of the stereochemical configuration
of the [Ru(bipy)3]

n+ complex, its application as a cross-linker
would result in an unprecedented molecular architecture for
developing active gels as chemomechanical materials.

Based on the above-described rationale, to evaluate the
correlation between the molecular architecture and the
chemomechanical behavior of a soft material, we used the
[Ru(bipy)3]

n+ based active cross-linker 1 (Figure 1a) and two
distinct monomers, N-isopropylacrylamide (NIPAAm) and
allylamine, for the polymerization that results in two active
gels, Gel1 and Gel2, respectively. As shown in Scheme 1,
both Gel1 and Gel2 employ the active cross-linker 1 as the
cross-linker to construct the 3D polymeric network. During
the BZ reaction, the cross-linkers switch between the reduced
([RuL3]

2+, L = N,N’-diallyl-(2,2’-bipyridine)-4,4’-dicarboxa-
mide) and oxidized states ([RuL3]

3+), which causes Gel1
and Gel2 to shrink in the oxidized state and to swell in the
reduced state. In contrast to Gel1 and Gel2, the gels Gel3[18]

Scheme 1. Conceptual illustration of the active hyper cross-linker that
gives rise to active gels, and the volumetric oscillation of the gels
induced by the redox switch of the active hyper cross-linker 1 during
the BZ reaction (side chains of the polymers are omitted for clarity).

[*] Dr. Y. Zhang, N. Zhou, Y. Kuang, A. Schwartz, M. Bezpalko,
Prof. Dr. B. M. Foxman, Prof. Dr. I. R. Epstein, Prof. Dr. B. Xu
Department of Chemistry, Brandeis University
415 South St., Waltham, MA 02454 (USA)
E-mail: epstein@brandeis.edu

bxu@brandeis.edu

S. Akella, Dr. D. Kim, Prof. Dr. S. Fraden
Department of Physics, Brandeis University
415 South St., Waltham, MA 02454 (USA)

[**] This work was partially supported by a grant from the Army
Research Office (ARO 56735-MS), a National Science Foundation
MRSEC grant (DMR-0820492), and start-up funds from Brandeis
University.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201304437.

.Angewandte
Zuschriften

11708 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 11708 –11712

http://dx.doi.org/10.1002/anie.201304437


and Gel4 use [Ru(bipy)2L’]
n+ (L’= 4-methyl-4’-vinyl-2,2’-

bipyridine, n = 2 or 3; Supporting Information, Scheme S1)
as the pendants attached to the networks of poly(N-isopro-
pylacrylamide) and poly(allylamine), respectively. Under the
same conditions of the BZ reaction used for Gel1 and Gel2,
Gel3 swells, and Gel4 exhibits little change in volume when
the pendants are present in their oxidized state
([Ru(bipy)2L’]

3+). Such drastic contrasts in volume changes
confirm that the molecular architecture determines the
chemomechanical behavior of the active gels. Moreover, the
transformation of a thermally insensitive polymer (such as
poly(allylamine)) into a self-oscillatory material by using
active cross-linkers, suggests that polymerization with active
cross-linkers is an effective approach to generate active gels.

Figure 1a shows a concise, two-step synthesis of the active
cross-linker 1. First, 4,4’-dicarboxyl-2,2’-bipyridine[21] was
reacted with two equivalents of allylamine in the presence
of coupling reagents to form N,N’-diallyl-(2,2’-bipyridine)-
4,4’-dicarboxamide. Second, six equivalents of N,N’-diallyl-
(2,2’-bipyridine)-4,4’-dicarboxamide reacted with one equiv-
alent of dichloro(p-cymene)ruthenium(II) dimer[22] in DMF

at 120 8C under N2 for 12 h.
After the reaction had
reached completion, purifi-
cation by column chroma-
tography[23] and removal of
the solvent afforded active
cross-linker 1 as a red
powder in a total yield of
52%. The UV/Vis spectrum
of the active cross-linker
1 exhibits four absorption
bands at 200, 250, 305, and
465 nm (Supporting Infor-
mation, Figure S1). The
200 nm and 305 nm bands
arise from ligand-centered
(LC) p–p* transitions,[24]

the remaining intense
bands at 250 and 465 nm
belong to metal-to-ligand
charge-transfer (MLCT) d–
p* transitions, and the
shoulder at 350 nm reflects
metal-centered (MC) tran-
sitions.[25] These peaks indi-
cate that the active cross-
linker 1 electronically
resembles the [Ru-
(bipy)3]Cl2 complex, thus it
should be able to function
as the desired redox catalyst
of the BZ reaction[17f,g] for
the evaluation of the active
cross-linker and the corre-
sponding gels. Furthermore,
we obtained a crystal struc-
ture of the cross-linker (Fig-
ure 1b). The three bipyri-

dine ligands around the Ru atom form a propeller-like
trigonal arrangement. The coordination of the nitrogen
atoms is close to octahedral. The results indicate that the
active hyper cross-linker 1 retains a similar geometry to the
known crystal structure of [Ru(bipy)3]

2+.[26] Among the six N-
allylacetamide groups, two of them, which are located on
different bipyridine ligands, are rigid; the other four show
small flexibilities. The stereochemical configuration of the
active hyper cross-linker 1 makes it an inherent 3D cross-
linker.

After characterizing the physiochemical and structural
properties of the active cross-linker 1, we used a photopoly-
merization process to fabricate the active gels. Based on the
reported procedures,[27] we used prototype photomasks[28] to
define the diameters of the gel disks as 300–500 mm and
a polycarbonate mold to restrict the heights of the gels to 100–
200 mm. We carried out the photo-initiated polymerization in
an ice–water bath for a relatively short reaction time (10–
30 min). Furthermore, by controlling the initial ratio of the
monomers to the active cross-linker 1, we ensured that gels
with proper elasticity were obtained (Figures S2 and S3). For

Figure 1. a) A simple route for synthesizing the active hyper cross-linker 1. b) Crystal structure of the active
hyper cross-linker 1. Thermal ellipsoids set at 50% probability. For clarity, the Cl� counterions and all hydrogen
atoms have been omitted. DIEA =diisopropylethylamine, DMF= N,N-dimethylformamide, HBTU= O-(benzo-
triazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate.
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example, Gel1, formed by the polymerization of the active
cross-linker 1 and the monomer in a ratio of 0.004, achieves an
optimal cross-linking density and undergoes a change in
volume during the BZ reaction (see below). Whereas Gel2
has the same molar ratio of active cross-linker 1 and monomer
as Gel1, the molar ratios of the monomer, ruthenium catalyst
[Ru(bipy)2L’]Cl2, and the cross-linker (BIS) are 1:0.015:0.012
for the syntheses of Gel3 or Gel4.

To understand the microstructure in the gels made using
the active cross-linker 1, we used confocal microscopy to
image Gel1 and Gel2 at the reduced state as the active cross-
linker 1, in its reduced state, fluoresces strongly and stably
upon excitation at 488 nm. Fluorescence images (Figure 2)
indicate that Gel1 and Gel2 have different microstructures.
For example, whereas Gel1 shows largely homogeneous
fluorescence (Figure 2a) and some elliptical fluorescent dots

(3.3 � 2.5 mm), Gel2 exhibits a fluorescent porous network
composed of interconnected micrometer-size clots (Fig-
ure 2b). Furthermore, the 3D images (Figure 2c and d)
obtained from a Z-scan series of fluorescence confocal
images of Gel1 and Gel2 further confirm that the cross-
linkers are distributed more homogenously in Gel1 than in
Gel2, despite the inhomogeneity of the cross-linkers in both
Gel1 and Gel2. In comparison, the fluorescence images and
the 3D images of Gel3 and Gel4 (Supporting Information,
Figure S4) all show quite homogeneous fluorescence, which
suggests that the [Ru(bipy)2L’]

2+ complexes, here used as
pendants, distribute evenly in Gel3 and Gel4. Furthermore,
Gel1 (or Gel3) and Gel2 (or Gel4) also exhibit different
appearances. For example, Gel1 (or Gel3) is more trans-
parent than Gel2 (or Gel4), a difference that likely originates
from the different polymer backbones. These results indicate
that although differences in monomer structure hardly
influence the distribution of the pendants in Gel3 and

Gel4, the monomers most likely contribute to the heteroge-
neous distribution of the cross-linkers in Gel1 and Gel2.

Indeed, the differences in the microstructures of the active
gels result in different chemomechanical behavior during
redox reactions (Figure 3). Upon oxidization by a cerium
sulfate solution, both Gel1 and Gel2 shrink, but Gel2
exhibits a bigger change in volume than Gel1. The shrinkage

of Gel1 and Gel2 in their oxidized states also makes them
appear darker owing to increased UV/Vis absorption. Unlike
Gel1 and Gel2, upon oxidation, Gel3 swells, but Gel4 hardly
changes its volume. These results confirm that the use of the
active cross-linkers not only leads to drastically different
responses to redox switch from those of the gels containing
[Ru(bipy)2L’]

n+ (n = 2 or 3) as pendants, but also allows
polymers other than poly(N-isopropylacrylamide) to form
active gels that exhibit chemomechanical behaviors (such as
a change in volume upon a redox reaction).

To further understand the correlation between molecular
structure and the behavior of the active gels, we compared the
volume change versus temperature at oxidized and reduced
states of the gels (Figure 4 a–d). The relative diameters of all
four gels, defined by dividing by the diameter of the gel at its
minimum volume state, change in quite different manners.
Gel1, because of its thermoresponsive poly(NIPAAm) back-
bone,[4] swells upon decreasing the temperature in both its
oxidized and reduced states and exhibits temperature-depen-
dent phase transitions at about 28 8C and 24 8C for the
reduced and oxidized states, respectively (Figure 4a). In the
range of temperatures tested, Gel1, in its oxidized state,
shrinks in a different ratio than its reduced state; above 30 8C,
however, only a small difference in volume is observed for the
two states (Figure 4 a). Unlike for Gel1, the volume of Gel2 is
independent of a change in temperature, and a constant ratio
is observed for the relative diameters of the oxidized and
reduced states (Figure 4 b). In comparison to Gel1, Gel3,[18]

which also contains poly(NIPAAm) backbones, swells in its
oxidized state compared to its reduced state over the entire
temperature range tested (Figure 4c). Like Gel1, Gel3

Figure 2. Confocal fluorescence images of a) Gel1 and b) Gel2, and
the 3D images c) Gel1 and d) Gel2.

Figure 3. Optical images (top view) of Gel1, Gel2, Gel3, and Gel4
(the polymer chains are shown in the first row) in their reduced state
(by treating with Ce(NO3)3) and oxidized state (by treating with
a Ce(SO4)2 solution) at 24 8C. The dotted circles indicate the edges of
the gels.
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exhibits a temperature-dependent phase transition in its
reduced and oxidized states, similar to results reported in
the literature.[18] Unlike Gel1, Gel2, and Gel3, the volume of
Gel4 is essentially independent of the redox state or temper-
ature (Figure 4d). Furthermore, although Gel1 contains
significantly fewer (1/5) Ru centers than Gel3 does, the
maximum difference in relative diameters for the reduced and
oxidized states of Gel1 reaches half of the difference for
Gel3, which implies a higher efficiency in chemomechanical
conversion per redox center (RuII/III) when it serves as the
cross-linkers rather than as the pendant group. Clearly, the
same is true in the case of Gel2 and Gel4. These results
further confirm the unique merits of an active cross-linker.

As the BZ reaction offers a convenient experimental
setting[29] to further confirm that the active cross-linkers lead
to active gels, we evaluated the chemomechanical behavior of
Gel1 and Gel2 during the BZ reaction. As shown in
Figure 4e, Gel1 oscillates with an average period of 1650 s
and a maximum change in relative diameter of 18 %.

Similarly, Gel2 oscillates with an average period of 1550 s
and a change in relative diameter of 12% (Figure 4 f). Thus,
the autonomous chemomechanical oscillations of Gel1 and
Gel2 during the BZ reaction demonstrate that the use of
active cross-linkers is a powerful approach to develop active
gels.

The shrinkage of Gel1 in the oxidized state (Figure 3) is
a counterintuitive result because an increase in charge on the
[RuL3]

3+ complexes is expected to result in repulsion and to
cause the gel to swell. However, scanning electron microscopy
(SEM) of Gel1 (Supporting Information, Figure S5) in its
reduced and oxidized states exhibits the transition of a porous
structure to a condensed structure upon oxidation of the
[RuL3]

2+ cross-linkers. This observation is consistent with an
alternative interpretation: In the hyper-cross-linked system,
the octahedral geometry of the active hyper cross-linker
1 leads to a genuine 3D network, in which the [RuL3]

3+ cross-
linker serves as the joint center of several polymer chains. As
the [RuL3]

3+ are highly restricted in movement within the
hyper-cross-linked network, upon oxidation, the [RuL3]

n+

cross-linkers attract extra counterions into the network. In
fact, the influx of counterions increases the electrostatic
interactions between the ions, which likely expels water
molecules out of the network and eventually induces the
collapse of the polymer network. Although other factors may
contribute to the volume shrinkage, the results obtained by
confocal imaging and SEM confirm that the active cross-
linker play a critical role in the chemomechanical volume
change of the active gels.

In conclusion, by designing and synthesizing the first
octahedral ruthenium bipyridine complex that bears six
polymerizable vinyl groups as the active cross-linkers, we
have illustrated a new way to control molecular architecture
for active materials, in which the active hyper-cross-linkers of
the polymer network determine the material properties. This
result suggests that the application of an active catalyst as the
hyper-cross-linker of a polymer network may lead to a new
way of making active soft materials.[30] Moreover, this work
also increases the diversity of active materials, thus laying the
foundation for combining counteracting components to con-
struct sophisticated chemomechanical systems or materials.[31]

Furthermore, this work offers a key building block for the
construction of other new redox active polymers using the
new octahedral ruthenium complex.
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