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ABSTRACT ARTICLE HISTORY

In living systems, dynamic biomacromolecular assemblies are driven and regulated by energy Received 30 January 2025
dissipative chemical reaction networks, enabling various autonomous functions. Inspired by Accepted 12 April 2025
this biological principle, we report a chemically-fueled phase transition of a poly Revised 2 April 2025
(N-isopropylacrylamide) (PNIPAAm)-based polymer bearing viologen units (P(NIPAAmM-V)), KEYWORDS

wherein redox changes drive coil-to-globule phase transitions. Upon the addition of Chemically-fueled self-
a reducing agent, viologen moieties in P(NIPAAm-V) are converted into their reduced state, assembly; coil-to-globule
resulting in enhanced hydrophobicity and polymer aggregation. Coexistence of a platinum phase transition; poly
catalyst couples these redox-driven structural changes to hydrogen evolution, which oxidizes (N-isopropylacrylamide);
the viologen radicals, thus restoring the polymer chains to their hydrated random coil state. As h}'dfogen evolution;

a result, transient polymer assemblies form and subsequently disassemble upon depletion of ~ Viologen

the reducing agent, leading to a temporally controlled out-of-equilibrium phase transition.

Moreover, by tuning the platinum concentration and reaction temperature, we achieve precise

control of both the size and lifetime of these assemblies. Notably, viologen moieties constitute

only about 1% of the polymer repeating units, underscoring that chemically-fueled phase

transition is efficient strategy for dynamically regulating molecular assemblies. These findings

demonstrate that chemically-fueled phase transitions in redox-responsive polymers offer

a promising blueprint for designing dynamic, biomimetic materials capable of spatiotempo-

rally regulated structural transformations.
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IMPACT STATEMENT

By coupling a redox-responsive poly(N-isopropylacrylamide) derivative with platinum-
catalyzed hydrogen evolution, this study establishes a chemically-fueled phase transition,
paving the way for dynamic, energy-dissipative polymeric materials with tunable lifetimes
and structural transformations reminiscent of biological systems.

Introduction ATP-mediated activation and deactivation processes,
In living systems, a wide variety of dynamic bioma-  thereby playing an important role in cellular motion
cromolecular assemblies display diverse functional-  [4-6]. In this ATP-driven process, actin monomers

ities that are finely regulated by complex chemical = bound to ATP easily self-assemble into actin filaments,
reaction networks [1-3]. For example, actin filaments, = and ATP is subsequently hydrolyzed to ADP by actin.
which are crucial for muscle tissues, undergo dynamic ~ This hydrolysis induces a conformational change in
control of their length and spatial distribution through ~ actin and enhances the dissociation of actin
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monomers from the filament, leading to a kinetically
regulated filament size. Such non-equilibrium self-
assembly processes, which consume the chemical
energy of high-energy molecules, are broadly referred
to as chemically-fueled self-assembly. Chemically-
fueled self-assembly plays critical roles in controlling
the dynamics of various biomacromolecules in living
systems [7-9]. By contrast, artificially designed poly-
meric systems that dynamically control their struc-
tures via chemical reaction cycles, similar to
biomacromolecules, remain limited. To construct
dynamic molecular assembly systems analogous to
those in living organisms, an important strategy is to
harness chemical reactions to actively regulate the
assembly/disassembly states of molecular systems.

Recent studies have demonstrated that the incor-
poration of energy-dissipative chemical cycles can
modulate self-assembly states [10-12].
A representative example utilizes carbodiimide-
fueled self-assembly, where carbodiimide is hydro-
lyzed while converting carboxylic acids into their cor-
responding anhydrides in water [13-17]. These
transient anhydrides are more hydrophobic than the
precursor carboxylic acids and thus self-assemble.
Because the anhydrides gradually hydrolyze back to
carboxylic acids in water, these assemblies eventually
disassemble, displaying a dissipative and transient nat-
ure reminiscent of ATP-driven processes in cells.
Many chemically-fueled self-assembly systems com-
posed of oligopeptides [13,14], aromatic compounds
[15], and amphiphiles [16,17] have been realized using
this approach, which is reminiscent of ATP-driven
processes in biological systems. Beyond carbodiimide
chemistry, various chemically-fueled self-assembly
systems based on redox reactions [18-20], photoacid
generation [21,22], and even ATP hydrolysis [23,24]
have also been reported. Nevertheless, most of these
systems rely on small-molecule building blocks (mole-
cular weight up to 1000), leaving a substantial gap
compared to the dynamic regulation of large bioma-
cromolecules in living organisms. This discrepancy
remains a major obstacle to designing artificial mate-
rials that manifest biomimetic, dynamic functions on
macromolecular scales. Achieving efficient structural
transitions with minimal driving force, as in natural
proteins, is key to replicating the dynamic functions
observed in biology.

A promising strategy to induce large structural
changes with minor stimuli lies in the phase transi-
tions of polymers in solution [25-27]. For instance,
poly(N-isopropylacrylamide) (PNIPAAm) undergoes
a well-known thermoresponsive coil-to-globule tran-
sition in water at around 32 °C [28-30]. Below 32 °C,
PNIPAAm chains remain hydrated in a random coil
state, whereas above 32 °C, they rapidly dehydrate,
collapsing into globules. Furthermore, the introduc-
tion of various stimuli-responsive moieties into
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PNIPAAm at a few percent content enables the design
of diverse PNIPAAm-based polymers that respond to
weak stimuli, closely emulating protein-like respon-
siveness [31-33]. Because this polymer allows reversi-
ble structural changes with minimal energy input,
PNIPAAm-based stimuli-responsive systems can
serve as synthetic models of marginally stable proteins,
which readily change their conformations upon slight
perturbations.

In this study, we combine the structural phase
transition behavior of PNIPAAm-based polymers
with chemical reaction cycles to establish chemically-
fueled phase transition powered by reducing agents.
Specifically, our approach employs a PNIPAAm deri-
vative bearing viologen units (P(NIPAAm-V)) in con-
junction with a platinum catalyst that mediates
hydrogen evolution from water under acidic condi-
tions (Figure 1). In our previous report, we demon-
strated that incorporating a viologen moiety into
PNIPAAm imparts a redox-responsive coil-to-
globule phase transition, wherein the polymer’s aggre-
gation state changes according to the oxidation states
of viologen [34,35]. Furthermore, viologen and its
analogues are well-known electron mediators; when
reduced viologen coexists with a platinum (Pt)-based
catalyst under acidic conditions, electrons transfer
from the reduced viologen to the platinum catalyst,
producing hydrogen gas [36,37]. Hence, in the
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Figure 1. (a) Chemical structure of poly(NIPAAm-V). (b)
Schematic illustration of chemically-fueled phase transition
of a poly(NIPAAm-V) driven by a catalytic hydrogen evolution
reaction.
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presence of a reducing agent as the fuel, P(NIPAAm-
V) undergoes a coil-to-globule transition upon reduc-
tion of viologen units. Subsequently, electron transfer
from viologen to Pt catalyst drives hydrogen evolu-
tion, oxidizing viologen units back to their initial state.
This reaction cycle drives the chemically-fueled phase
transition, resulting in transient growth of polymer
assemblies, the formation of a quasi-steady-state, and
eventual re-dispersion of the assemblies once the fuel
is depleted (Figure 1). Notably, by adjusting the con-
centration of the platinum catalyst, we are able to
regulate the lifetime and size of these polymer assem-
blies. Because viologen units comprise only about 1%
of the polymer chain, our system demonstrates that
small redox changes can effectively induce large-scale
transformations in high molecular weight polymers.
Opverall, the present findings underscore the potential
of chemically-fueled phase transition strategies for
constructing dynamic functional materials.

Materials and methods
Materials

N-isopropylacrylamide (NIPAAm) was kindly donated
by KJ chemicals Co. (Tokyo, Japan) and purified by
recrystallization from a toluene/hexane mixed solvent.
N-(3-aminopropyl)methacrylamide (NAPMAm) was
purchased from Combi-Blocks (San Diego, U.S.A.) and
purified by reprecipitation from methanol into a large
excess of tetrahydrofuran. All other chemical reagents
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were purchased from FUJIFILM Wako Pure Chemical
Co. (Osaka, Japan), Tokyo Chemical Industry Co.
(Tokyo, Japan), or Sigma-Aldrich Co. LLC (Missouri,
U.S.A.) and used as received.

General methods

"H-NMR spectra were collected at room temperature
using a JEOL JNM-ECS400 spectrometer (Tokyo,
Japan). UV - Vis absorption spectra were measured
on a SHIMADZU UV1900i spectrophotometer
(Kyoto, Japan). DLS experiments were performed
using an Otsuka Electronics ELSZ-2000 system
(Osaka, Japan) equipped with a semiconductor laser
(658 nm). The collected data were analyzed using the
Contin fitting method. Evolved hydrogen gas was
analyzed using a Shimadzu GC-2014 gas chromato-
graph (Kyoto, Japan) (molecular sieve 5A column; Ar
carrier gas) equipped with a thermal conductivity
detector, which was calibrated with standard hydrogen
gas.

Synthesis of N-(2-carboxyethyl)-N’-benzyl-4,4’-
bipyridinium hexafluorophosphate (Bz-V-EtCOOH)

Bz-V-EtCOOH was synthesized according to the litera-
tures [38,39] with modifications (Scheme 1(a)).
A round-bottom flask was charged with 4,4-
bipyridine (16 g; 102 mmol) and dehydrated acetone
(200 mL), and purged with Ar. Benzyl bromide (25
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Scheme 1. (a) Synthesis of Bz-V-EtCOOH. (b) Synthesis of poly(NIPAAM-V).
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mL; 102 mmol) was then added dropwise to the solu-
tion under Ar flow at room temperature. The reaction
mixture was stirred for 3 h at 60 °C. After cooling the
reaction mixture to room temperature, the precipitate
was filtered and washed by acetone 3 times. The
obtained solid was dried in vacuum to afford 1-ben-
zyl-4,4-bipyridinium bromide (33 g, 101 mmol, 99%
yield). "H-NMR (DMSO-dg; 400 MHz): §=9.38 (d, ]
=6.9hz, 2h, Bz-py"), 8.87 (d, J=6.0hz, 2 h, py), 8.65
(d, J=6.9hz, 2h, Bz-py"), 8.02 (d, J=6.4hz, 2h, py),
7.65-7.41 (m, 5h, benzyl), and 5.90 (s, 2 h, CH,). The
"H-NMR spectrum is provided in Figure S1.

A glass vial was charged with 1-benzyl-4,4-
bipyridinium bromide (3.00 g, 6.11 mmol), acetonitrile
(5mL), chloroform (15mL), and acrylic acid (15 mL),
and stirred for 24 h at 20 °C. The precipitate was filtered,
washed by chloroform 3 times, and dried in vacuum. The
obtained solid was dissolved in minimum amount of
water, and a concentrated aqueous solution of NH,PF
(5g; 30.5mmol) was added to the solution. The white
precipitate was filtered, washed by chloroform 3 times,
and dried in vacuum to give Bz-V-Et(COOH) (975 mg;
1.60 mmol; 26% yield). "H-NMR (DMSO-de; 400 MHz):
8=9.51(d,J=6.4hz,2h,Bz-py"),939(d, J=69hz,2h,
Et-py"),8.77(d,J=6.4hz,2h,Bz-py"),8.74 (d,] = 6.4 hz,
2h, Et-py"), 7.67-7.43 (m, 5 h, benzyl), 5.94 (s, 2 h, CH,),
4.89 (dd, J=6.9, 6.4 hz, 2 h, CH,CH,), and 3.17 (dd, J =
6.9, 6.4hz, 2h, CH,CH,). The '"H-NMR spectrum is
provided in Figure S2.

Synthesis of poly(NIPAAm-co-NAPMAm)

Poly(NIPAAm-co-NAPMAm) was synthesized by atom
transfer radical polymerization (Scheme 1(b)). A glass
vial was charged with NIPAAm (6.59 g; 58.2 mmol),
NAPMAm (322mg; 1.80mmol) ([NIPAAm]:
[NAPMAm] =97:3), dimethylformamide (DMF) (10
mL), and water (10 mL) and purged with Ar for 30 min.
Then, tris[2-(dimethylamino)ethyl]Jamine (MesTREN)
(53.4 pL; 0.200 mmol) and CuBr (27.8 mg; 0.200 mmol)
were added to the solution and purged with Ar for 3 min.
Subsequently, ethyl 2-bromoisobutyrate (EBiB) (29.8 pL;
0.200 mmol) was introduced, and the mixture was
further purged with Ar for 3 min. Atom transfer radical
polymerization was performed at 50 °C for 5h. The
monomer conversion rates of NIPAAm and NAPMAm
were determined as ca. 46.5% and 67.9%, respectively, by
analyzing an aliquot of the crude mixture with 'H-NMR.
The resulting solution was dialyzed against water and
then lyophilized. The "H-NMR spectrum of the obtained
polymer is provided in Figure S3.

Synthesis of P(NIPAAm-co-NAPMAm-co-
NAPMAmYV) (poly(NIPAAm-V))

Poly(NIPAAm-V) was synthesized by post-
polymerization modification of Poly(NIPAAm-co-
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NAPMAm) (Scheme 1(b)). Poly(NIPAAm-co-
NAPMAm) (500 mg; 30 umol), Bz-V-EtCOOH (169
mg; 277 umol), and dehydrated DMF (10 mL) were
placed in a glass vial, and the solution was cooled in an
ice bath. Subsequently, a mixture of 4-dimethylamino-
pyridine (DMAP) (37.5mg 307 umol) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) (212 mg; 1.11 mmol) in dehydrated DMF
(10 mL) was added dropwise. The reaction mixture was
warmed to 22 °C and stirred for 23 h. Afterward, the
solution was dialyzed against methanol, and the solvent
was evaporated. The residue was dissolved in a minimal
amount of acetone and reprecipitated from hexane. The
obtained solid was dried in vacuo to yield poly(NIPAAm-
V). The introduction number of viologen moiety into the
polymer chain was determined from the 'H-NMR result.
The "H-NMR spectrum of the obtained polymer is pro-
vided in Figure S4.

Preparation of poly(NIPAAm-V) supporting
platinum catalyst

A platinum catalyst for hydrogen evolution was
synthesized according to the literature [40] with mod-
ifications. P(NIPAAm-V) (50 mg, 2.9 pmol), K,PtCl,
(8.28 mg; 20 umol), ethanol (8 mL), and water (2 mL)
were placed in a round-bottom flask equipped with
a reflux condenser. The reaction mixture was refluxed
for 3 h. The solvent was evaporated, and the resulting
solid was dispersed in acetate buffer solution (0.1 M;
pH 5), yielding a dispersion of the polymer-supported
platinum catalyst ([Pt] =4.29 mg mL™"). The disper-
sion was stored in a refrigerator at 4 °C.

Determination of lower critical solution
temperatures of poly(NIPAAm-V) in oxidized and
reduced states

A 0.1 wt% solution of poly(NIPAAm-V) in 0.1 M acetate
buffer (pH 5) was prepared, and the transmittance at 900

nm was measured while increasing the temperature from
35 °C to 45 °C. The LCST of the oxidized form of poly
(NIPAAm-V) was determined from the onset of the
decrease in transmittance. A similar experiment was con-
ducted for the reduced form: the above polymer solution
was purged with Ar for 10 min, and then an aliquot of
Na,S,0, (0.267 mg, 1.53 pmol, 11 equiv. relative to the
viologen moiety) was added to reduce the viologen units.
The temperature was again ramped from 35 °C to 45 °C,
and the transmittance at 900 nm was recorded to deter-
mine the LCST in the reduced state.

Chemically-fueled phase transition

A 0.1 wt% solution of poly(NIPAAm-V) (58 uM) in 0.1
M acetate buffer (pH 5) was combined with the platinum
catalyst described above in a cuvette sealed with a septum
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cap. The solution was purged with Ar for 10 min and
then allowed to equilibrate at the measurement tempera-
ture in the DLS instrument for an additional 10 min. The
hydrodynamic diameter at time zero was determined by
DLS. Separately, 4.00 mL of 0.1 M acetate buffer (pH 5)
was purged with Ar for 10 min, and 30.1 mg (172 umol)
of Na,S,0, was added to prepare a 43.3 mm stock solu-
tion of the reducing agent. From this stock solution, 10 pL
(0.43 umol, 3 equiv. relative to the viologen moiety) was
injected via a gas-tight syringe into the poly(NIPAAm-V)
solution, and the time course of the hydrodynamic dia-
meter was recorded by DLS. The data were converted
into hydrodynamic diameter histograms using Contin
analysis, and the diameter of the dominant scattering
species was plotted as a function of time. In some experi-
ments, the residual amount of viologen radicals in the
post-reaction solution was estimated by referring to the
absorbance at 554 nm at 20 °C. Additionally, hydrogen
gas evolved in the headspace of the cuvette after the
reaction was quantified by GC analysis. The size at the
steady state was calculated by averaging the hydrody-
namic diameter in the flat region of the time-course
graph. The lifetime was defined as the time at which the
hydrodynamic diameter became less than half of its
steady-state value. The movie of the chemically-fueled
phase transition was recorded using a CS500-C camera
equipped with a SHODENSHA SDS-M19 lens, while the
temperature of the reaction solution in a cuvette was
controlled using a UNISOKU CoolSpeK USP-203 sys-
tem. To visualize aggregate formation, green laser light
(532 nm) was irradiated from the left side of the cuvette
during the measurement. The video is presented at 90 x
speed.

Results and discussion

Synthesis of poly(NIPAAm)-based polymer bearing
viologen moieties

We synthesized the target viologen-containing poly-
mer, P (NIPAAm-V), by coupling a viologen
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derivative (BZVEtCOOH) with PNIPAAm bearing
amino groups (Scheme 1). BzZVEtCOOH was pre-
pared via stepwise alkylation of 4,4"-bipyridine, fol-
lowing reported procedures [38,39]. PNIPAAm
containing amino groups was obtained by the copo-
lymerization of NIPAAm and NAPMAm, yielding
poly(NIPAAm,;3-co-NAPMAmg ), as confirmed by
"H-NMR spectroscopy. Subsequently, condensation
of BzVEtCOOH  with  poly(NIPAAm,;;-co-
NAPMAmg;) using EDC afforded the viologen-
functionalized polymer, poly(NIPAAm-V). The
appearance of peaks assignable to the viologen struc-
ture in the "H-NMR spectra (8.0-9.6 ppm) demon-
strated the successful introduction of viologen. From
the integral values, we estimated that each polymer
chain contained ~ 1.2 viologen units, leading to the
final composition poly(NIPAAm,;3-co-NAPMAm,o-
co-NAPMAmMV, ,).

Phase transition of poly(NIPAAm-V) in oxidized
and reduced states

Figure 2(a) illustrates the absorption spectra of poly
(NIPAAm-V) under oxidized and reduced conditions
at 20 °C in acetate buffer (0.1 M, pH 5). Under the
reduced condition, the spectrum exhibited specific
sharp peaks at 368 and 399 nm and broad peaks
around 554 and 886 nm. Notably, the spectrum of
the reduced polymer closely resembled that of the
viologen radical n-dimer [41] rather than the mono-
meric form, suggesting that the viologen moieties pri-
marily exist in a dimerized radical form. This result
suggests that both the hydrophobic interactions of the
PNIPAAm main chain and the m-m interactions
among viologen units contribute to polymer aggrega-
tion under reducing conditions.

Figure 2(b) shows the temperature-dependent trans-
mittance of poly(NIPAAm-V) solutions under both
oxidized and reduced conditions. Here, it should be
noted that the transmittance in the reduced state was
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Figure 2. (a) UV-Vis absorption spectra of poly(NIPAAm-V) ([poly(NIPAAm-V)] = 1.0 g/L) in 0.1 M acetate buffer (pH 5) at 20 °C in
the presence and absence of a reductant ([Na,S,04] =0.77 mm, 11 equiv. relative to the viologen moiety). (b) Temperature
dependence of optical transmittance at 900 nm in a 0.1 M acetate buffer solution (pH 5) containing poly(NIPAAm-V) ([poly
(NIPAAmM-V)] = 1.0 g/L) at 20 °C in the presence and absence of a reductant ([Na,S,04]1 =0.77 mm, 11 equiv. relative to the
viologen moiety). Transmittances was measured at 900 nm.
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approximately 70% at 30 °C, which is below its LCST,
due to spectral overlap between the absorption band of
the reduced viologen moieties and the measurement
wavelength (900 nm). Under oxidizing conditions,
only a slight decrease (~1%) in transmittance was
observed around 41 °C (Figure S5). Comparison with
the poly(NIPAAm-co-NAPMAm) copolymer revealed
a similar transition temperature (Figure S5), suggesting
that some fraction of the polymer chains did not carry
a viologen unit. This arises from the average viologen
incorporation of only ~ 1.2 per chain; hence, chains
lacking viologen moieties can exhibit typical
PNIPAAm-like transitions near 41 °C. Attempts to
increase viologen content beyond 1.2 units per chain
were unsuccessful; hence, the present sample contained
traces of P(NIPAAm-co-NAPMAm). Apart from this
minor transition, no distinct LCST-like behavior was
observed up to 45 °C, implying that fully viologen-
bearing chains exhibit LCSTs above 45 °C in the oxi-
dized state.

In contrast, under reducing conditions, a distinct
decrease in transmittance was observed at 40 °C. Thus,
the LCST for the reduced form of poly(NIPAAm-V)
was determined to be 40 °C. Reduction of viologen
from the 2 +to 1 + state presumably increases hydro-
phobicity, causing a negative shift of the LCST.
Because the LCSTs of the oxidized and reduced poly-
mer differ by several degrees, the polymer remains
soluble random coil state or aggregated globule state
within a bistable temperature range depending on
viologen’s redox state. This redox-responsive LCST
shift is crucial for coupling the polymer’s conforma-
tional changes with an external redox reaction cycle.

Chemically-fueled phase transition of poly
(NIPAAm-V)

Based on LCST measurements, we selected 42 °C, for
the chemically-fueled phase transition experiments, as
it falls within the presumed bistable range. Video S1
shows the time course of poly(NIPAAm-V) (0.1 wt%;
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58 uM) dispersed in acetate buffer (0.1 M, pH 5) con-
taining the platinum catalyst ([Pt] = 3.3 ppm) at 42 °C.
In this experiment, a green laser was illuminated from
left to right to visualize aggregate formation via light
scattering. After the addition of the reductant, the
solution turned deep purple and gradually returned
to a colorless state over time. This sequential change is
a signature of chemically-fueled processes. While the
laser beam path was not visible prior to reduction, the
formation of aggregates became evident from the
appearance of a light-scattering path following reduc-
tant addition. However, due to the intense coloration
of the solution, the beam path became indistinguish-
able a few minutes after reduction. Figure 3(a) shows
the time evolution of the hydrodynamic diameter of
the poly(NIPAAm-V) dispersion measured by DLS.
A small population of 90 nm aggregates existed before
reducing-agent addition, likely derived from trace P
(NIPAAm-co-NAPMAm) chains having a lower LCST
(41 °C). Immediately after the addition of the reducing
agent Na,S5,0, at 0.22 mm, rapid formation of large
polymer assemblies was observed. These assemblies
continued to grow until reaching a steady-state size
of approximately 582 nm. After a certain lifetime,
these assemblies abruptly collapsed, reverting to the
initial solution state. In the absence of the platinum
catalyst, the aggregation proceeded continuously up to
1400 nm, and the particles did not revert to smaller
sizes. These results suggest that the Pt catalyst drives
the oxidation and disassembly of the polymer as well
as the consumption of the reductant. Gas chromato-
graphic analysis of the headspace gas in the reaction
cuvette, 60 min after adding the reducing agent
showed that hydrogen gas was evolved only in the
presence of the Pt catalyst (Figure 3(b)).
Furthermore, UV - Vis absorption measurements
revealed that only 4.1% of the viologen radicals
remained after 60 min with the Pt catalyst, whereas
77.0% of the radicals persisted in the absence of Pt
(Figure 3(c)). These observations confirm that the Pt-
catalyzed hydrogen evolution reaction consumes the
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Figure 3. (a) Time profiles of hydrodynamic diameters, (b) Evolved hydrogen gas, and (c) UV-Vis absorption spectra of poly
(NIPAAm-V) solutions with and without Pt catalyst after the addition of a reductant at 20 °C. Conditions: [poly(NIPAAM-V)] = 1.0 g/
L, [Na,S,04] =0.22 mm (3 equiv. relative to the viologen moiety), [pt] = 3.3 ppm, 0.1 M acetate buffer (pH 5), 42 °C.
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Figure 4. Time profile of hydrodynamic diameters in poly
(NIPAAm-V) solutions following three consecutive additions of
Na,S,04. Fuel: [Na,S,04] =0.22 mm (3 equiv. relative to the
viologen moiety). Conditions: [poly(NIPAAm-V)] = 1.0 g/L, 0.1
M acetate buffer (pH 5), [pt] = 3.3 ppm.

reducing power in the solution, thereby oxidizing the
viologen radicals and reverting the polymer to its
more hydrophilic oxidized state. Accordingly, we con-
clude that chemically-fueled phase transition occurs in
this system by coupling the chemical reduction of
viologen moieties with the platinum-catalyzed hydro-
gen evolution reaction. The dissipation of chemical
energy as hydrogen evolution manifests as transient
polymer aggregation, ultimately returning the system
to the oxidized, dispersed state. Additionally, repeated
additions of the reductant were performed to investi-
gate the cyclability of the chemically-fueled phase
transition (Figure 4). Although the aggregates formed
during the second and third cycles were slightly larger
than those observed in the first cycle, the system con-
sistently exhibited spontaneous aggregation - disper-
sion behavior (Figure 4). These results demonstrate
that the system can undergo multiple cycles of the
chemically-fueled phase transitions.

Control of the chemically-fueled phase transition
by catalyst concentration

A key advantage of this catalyst-driven energy dissipation
scheme lies in its tunability. By varying the amount of
platinum catalyst, we can modulate the kinetics of violo-
gen oxidation and hydrogen evolution. Figure 5(a) sum-
marizes the time evolution of the aggregate size at
different platinum concentrations (0-6.6 ppm). As the
Pt concentration increases, the steady-state aggregate size
clearly decreases (Figure 5(b)), indicating that faster oxi-
dation of the viologen radicals leads to smaller aggregates.
These results are consistent with accelerated oxidation of
reduced viologen, which promotes faster polymer chain
hydration and dissociation. Furthermore, the lifetimes of
the polymer assemblies shorten at higher Pt concentra-
tion, reflecting the accelerated consumption of the
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Figure 5. (a) Time profiles of hydrodynamic diameters in poly
(NIPAAm-V) solutions with varying Pt catalyst loadings after
the addition of a reductant. Conditions: [poly(NIPAAmM-V)] =
1.0 g/L, [Na;S,04] = 0.22 mm (3 equiv. relative to the viologen
moiety), 0.1 M acetate buffer (pH 5), 42 °C. (b) Dependence of
hydrodynamic diameters on Pt catalyst loadings. (c)
Dependence of lifetimes of chemically-fueled phase transition
on Pt catalyst loadings.

reducing agent by the Pt catalyst (Figure 5(c)). These
data clearly demonstrate that the size and lifetime of the
aggregates are regulated by the kinetics of the reaction
cycle and can be easily controlled by adjusting the plati-
num catalyst concentration.

Control of the chemically-fueled phase transition
by temperature

In addition to catalyst concentration, temperature also
influences the reaction kinetics and the polymer’s
aggregation behavior. Generally, higher temperatures
accelerate catalytic reactions but also promote dehydra-
tion of PNIPAAm-based polymers above their LCST
[28]. To clarify the combined impact of these factors, we
monitored the chemically-fueled phase transition at
various temperatures ranging from 40 °C to 46 °C
(Figure 6(a)). We found that the steady-state aggregate
size increased with temperature (Figure 6(b)), suggest-
ing that the enhanced hydrophobicity of PNIPAAm
segments at higher temperatures primarily governed
the growth of the polymer aggregate. In contrast, the
lifetime of the aggregates decreases with increasing
temperature (Figure 6(c)), likely due to accelerated
hydrogen evolution and consequently faster depletion
of the reducing agent. The result implies the lifetime is
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Figure 6. (a) Time profiles of hydrodynamic diameters in poly
(NIPAAm-V) solutions at varying reaction temperatures after
the addition of a reductant. Conditions: [poly(NIPAAmM-V)] =
1.0 g/L, [Na,5,0,4] = 0.22 mm (3 equiv. relative to the viologen
moiety), 0.1 M acetate buffer (pH 5), [pt]=3.3 ppm. (b)
Dependence of hydrodynamic diameters on temperature. ()
Dependence of lifetimes of chemically-fueled phase transition
on temperature.

mainly dominated by reaction kinetics. These findings
highlight the competing roles of temperature in govern-
ing both polymer dehydration and catalytic reaction
rates, resulting in temperature-dependent spatiotem-
poral evolution of the assemblies.

Conclusions

We have developed a chemically-fueled phase transi-
tion system based on redox-responsive PNIPAAm
bearing viologen moieties, coupled with a Pt catalyst
for hydrogen evolution. In this system, viologen units
are reduced by a chemical fuel, Na,S,0,, triggering
coil-to-globule transitions in the polymer. These
reduced viologen radicals subsequently donate elec-
trons to the platinum catalyst, driving hydrogen gas
evolution and oxidation of the polymer back to its
random coil state. This cyclic redox process enables
transient formation of polymer assemblies with tun-
able sizes and lifetimes, reminiscent of biological sys-
tems that harness high-energy molecules to induce
and regulate macromolecular assemblies. Moreover,
by modulating the platinum catalyst concentration
and the reaction temperature, we demonstrated pre-
cise control over both the size and lifetime of the
aggregates. Our findings highlight the feasibility of
constructing dynamic polymer systems that replicate,

in part, nature’s strategy of orchestrating

T. ENOMOTO et al.

macromolecular assemblies via energy-dissipative
chemical reaction networks. We anticipate that che-
mically-fueled phase transition approaches will find
broad applications in designing next-generation soft
materials capable of reversible and spatiotemporal
morphological changes, thereby advancing the fron-
tier of biomimetic and autonomous materials science.
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