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Materials with ultimately thin (2D) or narrow (1D) structures have gained significant attention due to their
exceptional properties. However, decreasing the dimensionality of soft polymer materials has been
a formidable challenge due to the lack of rational synthetic methodology. Here, we performed cross-
linking polymerization inside metal-organic frameworks (MOFs) as nanoporous scaffolds to afford
poly(N-isopropylacrylamide) (PNIPAmM) with unprecedented 1D and 2D network topologies: double
strands and monolayer sheets. Remarkably, these polymer networks exhibited unique thermoresponsive
properties in water that were strongly correlated with their specific topologies. Note that the transition
temperature of double-stranded PNIPAmM is among the lowest of known PNIPAmM materials. The
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The dimensional constraint imposed on cross-linking by MOF-templated polymerization enables
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Introduction

The study of low-dimensional materials with extremely thin
(2D) or narrow (1D) structures at the molecular/atomic level is
one of the most exciting areas of materials science and engi-
neering owing to their structural anisotropy and quantum
confinement effects.' The distinct properties of the low-
dimensional materials, such as remarkable electrical conduc-
tivity,> mechanical strength,® and flexibility,* make them ideal
for a wide range of applications.® In this research field, major
efforts have been devoted to investigating “hard” inorganic
materials, including metals, metal oxides,” and carbons,?
because recent advancements in synthesis techniques, such as
chemical vapor deposition and exfoliation methods,” have
made them easier to produce and manipulate. However, reports
on dimensional reduction of fully “soft” polymer-based mate-
rials have been rather rare. This is because soft polymers are
materials that can deform easily under stress and are charac-
terized by their flexibility and low stiffness. Therefore,
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preparation of 1D or 2D polymeric material usually faces chal-
lenges, requiring specific conditions that are not compatible
with the conventional polymer processing.

The spatial arrangement of polymer chains significantly
influences the mechanical, thermal, optical, and electronic
properties of polymeric materials.’® One of the most common
approaches to improve the performance of polymeric materials
is cross-linking that can immobilize linear chains to form
network structures.'* The properties of cross-linked polymers
can be quantitatively optimized by modulating the degree of
cross-linking because the segmental motion of the polymer
chains becomes more restricted with increasing the degree of
cross-linking. However, elucidating the effect of chain orienta-
tion and proximity on the properties of network polymers has
been impossible, as precisely controlling the cross-link loca-
tions in polymer matrices has been extremely challenging in
polymer synthesis, and cross-linking usually provides a three-
dimensional (3D) random network.*?

Metal-organic frameworks (MOFs), crystalline porous
materials comprising self-assembled metal ions and bridging
organic ligands, offer uniformly sized inner cavities of molec-
ular dimensions.*® In this research area, an increasing number
of papers on controlled reactions within the nanopores have
appeared, demonstrating their utility in catalysis and synthetic
chemistry.* MOFs have recently gained prominence as nano-
reactors for preparing polymers that are otherwise unobtainable
through conventional approaches.” Indeed, cross-linking
polymerization has been controllably performed in MOF
nanochannels and has enabled the formation of particular
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network topologies rather than random network structures,
dictated by channel connectivity and dimensionality.**"
Poly(N-isopropylacrylamide) (PNIPAm), a representative
thermoresponsive polymer, exhibits a coil-to-globule transition
in an aqueous solution."* Upon heating, PNIPAm chains
undergo drastic conformational change through dehydration to
aggregate into insoluble globular particles. As the lower critical
solution temperature (LCST) of linear PNIPAm is 32 °C, PNIPAm
has found application in bioengineering,' drug delivery,” and
nanotechnology.® The tunability of the PNIPAm thermores-
ponsivity has been extensively studied because the transition
temperature of PNIPAm is sensitive to the polymer micro-
structures and morphology (e.g., the molecular weight,** tac-
ticity,”® end-groups,> and branching®). However, in many
cases, understanding how the PNIPAm chains interact at
temperatures near the LCST remains rather elusive.>® Particu-
larly, the pivotal mechanism underlying the phase transition of
PNIPAm with cross-linked structures is yet to be elucidated
because of the randomness of the 3D network topology.*”
Therefore, a viable strategy for regulating the cross-linked
structures of PNIPAm is required to understand the transition
mechanism and modulate the thermoresponsive properties.
Here we performed the cross-linking polymerization of N-
isopropylacrylamide (NIPAm) in the nanopores of different
MOFs to yield PNIPAm networks with controlled chain
arrangements. The use of low-dimensional MOF nanochannels
as nanoporous templates successfully produced PNIPAm
double strands (PNIPAm-1D) and monolayer sheets (PNIPAm-
2D) with well-defined 1D and 2D network topologies, respec-
tively (Fig. 1). These unprecedented topologies of PNIPAm
significantly affect the thermoresponsive properties, which are
clearly distinct from those of the conventional linear and 3D
counterparts. This is the first demonstration that chain

Without EDMA
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In the one-dimensional pore of MOF PNIPAmM-1D
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NIPAm EDMA
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Fig. 1 Schematic illustration of the synthesis of linear PNIPAm (PNI-
PAm-L) and PNIPAms with 1D, 2D, and 3D network topologies (PNI-
PAm-1D, PNIPAmM-2D, and PNIPAmM-3D, respectively).
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orientation and proximity in polymer matrices critically deter-
mine the thermal transition of PNIPAm.

Results and discussions

Preparation of PNIPAm with regulated network topologies

To prepare PNIPAm-1D as double-stranded PNIPAm chains, we
employed [In(OH)bdc], (1, bdc: 1,4-benzenedicarboxylate,
Fig. 2a), which has two types of 1D channels with diameters of
17 A (hexagonal pores) and 5 A (triangular pores).?® Although the
smaller triangular pores cannot accommodate NIPAm mono-
mers, the hexagonal pores are sufficiently large to align two
PNIPAm chains exactly along the channels, as suggested by
molecular dynamics simulations (Fig. S1f). Based on this
observation, we infer that two spatially aligned PNIPAm chains
within a pore would be cross-linked through EDMA during the
polymerization process, resulting in a double-stranded struc-
ture within the nanochannel.

We then polymerized NIPAm within 1 in the presence of
ethylene glycol dimethacrylate (EDMA) as a cross-linker. The
monomer, cross-linker, and radical initiator were introduced
into 1 by soaking the degassed host in a CH,Cl, solution con-
taining these reactants. Removing CH,Cl, then yielded
a composite that included only the reactants inside host 1
(Fig. S27). The resulting composite was heated at 120 °C for 24 h
to promote cross-linking polymerization in the nanochannels of
1 (conversions of 89% and 92% for NIPAm and EDMA, respec-
tively). The X-ray powder diffraction (XRPD) profile of the
composite remained unchanged after heating, indicating that
the host crystal structure was maintained during polymeriza-
tion (Fig. 2b).

Acid treatment of the MOF-polymer composite and purifi-
cation yielded PNIPAm-1D as a white powder. Notably, the ob-
tained polymer was highly soluble in many good solvents for
PNIPAm, suggesting that the compartmentalization of the
polymer chains inside the channels effectively suppressed
unfavorable random cross-linking. This result was supported by
the gel permeation chromatography (GPC) of PNIPAm-1D,
demonstrating a unimodal curve (no shoulder peaks) with
a number-average molecular weight (M,) and polydispersity
(M,,/M,,) of 74 900, and 1.77, respectively (Fig. S31). The "H NMR
spectrum of PNIPAm-1D exhibited peaks for the PNIPAm chains
and EDMA cross-links (cross-linking ratio: 10 mol%) (Fig. 3a).

PNIPAmM-2D with a single-molecule-thick nanosheet struc-
ture was synthesized using [Ni(Hbtc)(dpb)], (2, btc: 1,3,5-benz
enetricarboxylate, dpb: 1,4-di(pyridin-4-yl)benzene) as a nano-
porous template.”” The pillared-layer structure of this MOF,
with an interlayer distance of 1.2 nm, can accommodate only
single NIPAm and EDMA molecules between the 2D interstices
(Fig. 2c and S17). The narrow aperture (~3 A) of the [Ni(Hbtc)],
layers in 2, which does not allow interlayer exchange for NIPAm
monomers and crosslinkers, enables the 2D-constrained
growth of polymer networks. PNIPAm-2D was synthesized in 2
at 90 °C for 24 h (Fig. 2d and S2%). Note that cross-linking
polymerization in 2 proceeded at a lower temperature than
that in 1, likely because of the higher monomer mobility in the
2D nanospaces (conversions of 93% and 100% for NIPAm and
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Fig. 2

(a) Crystal structure of 1; monomers (NIPAm) were inserted into the cavity by molecular modeling. (b) XRPD patterns of simulated 1, 1, and

1-PNIPAmM composite. (c) Crystal structure of 2; the monomer was inserted into the cavity by molecular modeling. The pillar ligands (dpb) in 2 are
shown as stick models for clarity. (d) XRPD patterns of simulated 2, 2, and 2-PNIPAm composite. Atoms: In (brown), Ni (purple), O (red), N (blue), C

(gray), H (white).

EDMA, respectively). PNIPAm-2D was recovered from 2 by
digesting the host framework in an aqueous chelate solution.
Similar to PNIPAm-1D, isolated PNIPAm-2D was soluble in
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many solvents despite its cross-linked structure, enabling us to
analyze its molecular weight using GPC (Fig. S31). The calcu-
lated molecular weight (M,, = 20 900, M,,/M,, = 2.28) could have
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Fig. 3 H NMR spectra of (a) PNIPAm-1D and (b) PNIPAmM-2D (cross-linking ratios: 10 and 6 mol%, respectively). AFM images and height profiles
of (c) PNIPAmM-1D and (d) PNIPAm-2D. Samples were deposited on a mica substrate by spin-casting dilute CHCl3 solutions thereof. The height
profiles were recorded along the yellow lines in the corresponding AFM images.
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been underestimated because of the 2D sheet morphology with
compact chain assemblies.” Formation of 2D PNIPAm network
was also confirmed by "H NMR spectroscopy of PNIPAm-2D,
exhibiting the characteristic peaks of both EDMA and PNIPAm
(cross-linking ratio: 6 mol%) (Fig. 3b).

The morphologies of PNIPAm-1D and PNIPAm-2D were
verified by atomic force microscopy (AFM) (Fig. 3c and d).
Remarkably, the morphology of PNIPAm-1D was a linear chain
structure. The height profile of PNIPAm-1D demonstrated that
each chain had a thickness comparable to the diameter of
a single PNIPAm chain (0.8 nm), indicating the side-by-side
alignment of two PNIPAm chains on the substrate rather than
vertical stacking.'® In contrast, the AFM image of PNIPAm-2D
revealed uniformly thick 2D nanosheets, the thickness of which
sheets corresponded to the cross-sectional diameter of a single
PNIPAm chain. These results indicate that the topology and
dimensionality of the cross-linked polymers can be successfully
controlled using MOFs as nanoporous scaffolds.

To understand the effect of the cross-linking topology on the
properties of PNIPAm, we prepared conventional linear PNI-
PAm without cross-links (PNIPAm-L) by solution polymerization
(Fig. S3 and S4,T M,, = 44 400, M,,/M,, = 1.63). A randomly cross-
linked 3D network was also prepared by cross-linking poly-
merization under thermoprecipitation conditions, which yiel-
ded PNIPAmM-3D as a microgel (cross-linking ratio: 8 mol%,
similar to those of PNIPAm-1D and PNIPAm-2D) (Fig. S57).*

Thermoresponsive properties of PNIPAm with regulated
network topologies

The thermoresponsive behavior of the PNIPAm samples in
diluted aqueous solutions (1 g L™") was monitored by optical
transmittance and dynamic light scattering (DLS) measure-
ments.** Upon heating, the transmittance of the PNIPAm-L
solution changed abruptly through dehydration at the typical
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Fig. 4
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coil-to-globule transition temperature of 37 °C (Fig. 4), which
was accompanied by a drastic increase in the size of the PNI-
PAm particles via chain agglomeration (Fig. S61). This behavior
is consistent with the well-known phenomenon for single PNI-
PAm chains as mentioned above.® The phase transition of
PNIPAm was strongly influenced by cross-linking, as the PNI-
PAm-3D solution apparently did not show such a clear change
(Fig. 4). However, DLS analysis of the PNIPAm-3D solution
revealed a marked decrease in hydrodynamic diameter (Dy)
from 110 to 50 nm around 30 °C (Fig. 5 and S67). This con-
trasting behavior of PNIPAm-3D against PNIPAm-L in terms of
temperature-dependent size changes can be explained by the
dehydration-induced contraction of microgels, known as
volume phase transition.*

The effect of the network topology on the phase transition
was examined by investigating the thermoresponsive properties
of PNIPAm-1D and PNIPAm-2D in water. Strikingly, the PNI-
PAm-1D solution remained transparent (transmittance > 99%)
in the applied temperature range (Fig. 4). This is because the
PNIPAm-1D particles had a very small hydrodynamic diameter
(D, = 20 nm), even after heating (Fig. 5). However, the transition
of PNIPAm-1D was clearly detectable at 17.5 °C with DLS, and its
transition temperature was much lower than those of PNIPAm-L
and PNIPAm-3D (Fig. 5 and S61). On the other hand, the
aqueous PNIPAm-2D solution slowly became turbid upon
heating (Fig. 4). The phase transition, which started at 20 °C
with a progressive decrease in the transmittance over a wide
temperature range, was ascribed to the gradual growth of PNI-
PAm aggregates, with Dy, changing from 30 to 160 nm (Fig. 5 and
S6t). Interestingly, the transition of PNIPAm-2D occurred at
temperatures between those of PNIPAm-1D and PNIPAm-3D.
The progressive thermoresponsive behavior of PNIPAm-2D was
not kinetically directed because gradual transmittance changes
were also observed during the cooling process (Fig. S9t) and
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(a) Appearances of aqueous solutions of PNIPAm at different temperatures. (b) Temperature dependence of the optical transmittance of

aqueous solutions of PNIPAm-L (black), PNIPAm-1D (red), PNIPAm-2D (blue), and PNIPAm-3D (green).
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Fig. 5 Hydrodynamic diameters (Dy,) of PNIPAm-1D (red), PNIPAm-
2D (blue), and PNIPAmM-3D (green) in aqueous solutions, measured by
DLS at different temperatures. The plotted particle sizes correspond to
the peak with the highest volume fraction. The volume-based distri-
butions are shown in Fig. S8.1

even during a slower temperature sweep (Fig. S101). We spec-
ulate that the planar, sheet-like topology of PNIPAm-2D allows
the polymers to aggregate without forming irreversible entan-
glements, resulting in aggregates that adopt a thermodynami-
cally favorable size at each temperature.

To further investigate the effect of cross-linking, we synthe-
sized PNIPAms with different cross-linking ratios and moni-
tored the coil-to-globule transition process (Fig. S11 and S127).
The transition temperatures of the cross-linked PNIPAms
decreased with the increasing cross-linking ratio. In addition to
the effect of the cross-linking ratios, the effect of the cross-
linking location on the PNIPAm phase transition is disclosed
here for the first time. Even with similar cross-linking ratios, the
transition temperatures of the cross-linked PNIPAms decreased
in the order of the dimensional constraint (PNIPAm-1D < PNI-
PAm-2D < PNIPAm-3D). Notably, the transition temperature of
PNIPAm-1D is among the lowest of all known PNIPAm mate-
rials.”***** The remarkable properties of PNIPAm-1D are likely
the result of the 1D network topology with its parallel arrange-
ment of double PNIPAm chains. The alignment of adjacent
hydrophobic isopropyl groups could maximize the interactions
between the two chains, facilitating the dehydration of PNIPAm
at lower temperatures and favoring aggregation within the
double strand, which reduces the number of chains partici-
pating in single aggregates.**** The resulting spherical particles
(only several tens of nanometers in size) remained stable in
aqueous solution for a few weeks, even at room temperature
(above the transition temperature) (Fig. S13). For PNIPAm-2D,
cross-linking polymerization in 2 yielded uniformly thick
nanosheets with a 2D network topology. Immobilizing the
polymer chains in the same plane can facilitate hydrophobic
interactions within the monolayers, thereby lowering the

10800 | Chem. Sci,, 2025, 16, 10796-10802
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transition temperature. However, because the possible multiple
in-plane orientations of its chains prevent proximal chain
arrangement, its transition temperature is higher than that of
PNIPAm-1D. In contrast with the other PNIPAm samples, PNI-
PAm-2D showed a gradual transition due to its 2D network
geometry that topologically disables entanglement among the
polymer networks. Above the transition temperature, dehydra-
tion triggers the stacking of the 2D sheets rather than chain
entanglement, initially forming morphologically anisotropic
aggregates. The heterogeneity of the primary particles in terms
of size and morphology plausibly leads to the gradual ther-
moresponse of PNIPAm-2D in water over a wide temperature
range. By contrast, the other PNIPAms form spherical particles
with small surface areas via chain entanglement, which
prevents further merging.** The plausible aggregation behavior
of low-dimensionally crosslinked PNIPAm were illustrated in
Fig. S14.1

Conclusions

In conclusion, the cross-linking polymerization of NIPAm in the
1D and 2D nanochannels of MOFs formed PNIPAm chains with
double-stranded and unimolecularly thick nanosheet structures
with unprecedented network topologies. These well-defined
network topologies significantly affected the thermores-
ponsive behavior of PNIPAm in water by critically determining
the temperature and aggregation during the coil-to-globule
transition. The parallel alignment of the double PNIPAm
chains significantly lowered the transition temperature,
whereas monolayer sheets significantly delayed the transition of
the aggregates. Imposing dimensional constraints on cross-
linking rationally affords network topologies that are inacces-
sible by solution and bulk polymerization; additionally, it offers
new insights into polymeric properties, thereby advancing the
development of networked polymers.

Experimental
Synthesis of PNIPAm-L

NIPAm (2.00 g) and AIBN (8.6 mg) were dissolved in 2-propanol
(8 mL) and degassed by bubbling N, for 5 min. Heating the
mixture at 70 °C for 2 h, followed by reprecipitation into n-
hexane three times and drying under reduced pressure, affor-
ded PNIPAm-L as a linear reference (973.3 mg). M,, and M,,/M,
were measured using GPC (Fig. S3,f M, = 44400, M, /M, =
1.63).

Synthesis of PNIPAm-1D

1 (2.12 g) was evacuated at 120 °C overnight to remove residual
guest molecules from the pores. CH,Cl, (2 mL) was initially
added to the activated 1. Then, a CH,Cl, solution (6 mL) of
NIPAm, (740 mg), EDMA (150 mg), and benzoyl peroxide (20.0
mg) was added to 1 in a round-bottom flask and left for 30 min
to encapsulate the monomers in the channels of 1. The solvent
was slowly removed under reduced pressure (40 kPa) and then
vacuumed at 0.1 kPa for 1 h. Subsequently, radical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymerization was performed at 120 °C for 24 h under
a nitrogen atmosphere, yielding a composite of 1 with PNIPAm-
1D in the channels. The conversions were determined from the
"H NMR spectra of the MOF composites digested in DMSO-d/
D,0 (35% DCI) (v/v = 9:1). The integral ratio of peaks corre-
sponding to the vinyl protons was compared before and after
polymerization, using the peaks of bdcH, as an internal stan-
dard (89% and 92% for NIPAm and EDMA, respectively). The
composite was added to DMF-aqueous HCI (9/1) solution to
decompose the host framework, and the obtained polymer was
purified by dialysis in DMF and methanol twice each cycle. After
dissolving the polymer in CHCl;, a MOF-derived residue was
removed by passing through the Celite pad. Finally, the residual
DMF was removed using a preparative GPC. The polymer solu-
tion was poured into hexane to obtain the powder sample of
PNIPAmM-1D (378 mg). The degree of cross-linking was calcu-
lated from the "H NMR spectrum (Fig. 3a, cross-linking ratio =
10 mol%). M,, and M,,/M,, were measured using GPC (Fig. S3,t
M, = 74900, M,,/M,, = 1.77, polystyrene standard).

Synthesis of PNIPAm-2D

A CH,Cl, solution of NIPAm (180 mg), EDMA (15.8 mg), and
AIBN (5 mg) was added to 2 (2 g) in a round-bottom flask and
left for 30 min to allow the monomers to diffuse into 2. The
solvent was slowly removed under reduced pressure and then
vacuumed at 3 kPa for 30 min. Subsequently, radical polymer-
ization was performed at 90 °C for 24 h under a nitrogen
atmosphere, yielding a composite of 2 with PNIPAm-2D in the
nanospaces. The conversions were determined from the 'H
NMR spectra of the MOF composites digested in DMSO-ds/
D,S0, (4% D,0) (v/v = 9:1) (93% and 100% for NIPAm and
EDMA, respectively; dpb as a standard). The composite was
added to methanol-0.1 M aqueous Na,EDTA solution to
decompose the host framework, and the polymer was purified
by dialysis in methanol/H,O (v/v = 1:1) and methanol twice
each cycle. After removing the solvent, the obtained polymer
was dissolved in CH,Cl,, and the solution was poured into
hexane to obtain the powder product of PNIPAm-2D (133 mg).
The degree of cross-linking was calculated from the "H NMR
spectrum (Fig. 3b, cross-linking ratio = 6 mol%). M, and M,,/M,,
were measured using GPC (Fig. S3, M,, = 20 900, M,,/M,, = 2.28,
polystyrene standard).

Synthesis of PNIPAm-3D

PNIPAmM-3D was synthesized according to the literature with
slight modifications.** NIPAm (501.0 mg), EDMA (76.8 mg),
AIBN (11.9 mg), and sodium dodecyl sulfate (25.0 mg) were
dissolved in water (25 mL) and stirred for 3 h. After degassing by
N, bubbling for 5 min, the solution was heated at 70 °C for 1 h.
After purification by dialysis in water, the polymer was dissolved
in CHCI; and poured into hexane to obtain the powder product
of PNIPAm-3D (502.9 mg).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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