7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Mixed-mode interpenetrating polymer networks

{ '.) Check for updates ‘
from polymerizable eutectics¥

Cite this: Polym. Chem., 2025, 16,
1332
Alexandra L. Mutch

* and Stuart C. Thickett /= *

The preparation of interpenetrating polymer networks (IPNs) and semi-interpenetrating polymer networks
(semi-IPNs) is reported via a solvent-free approach using a binary polymerizable eutectic.
N-lsopropylacrylamide (NIPAM) and e-caprolactone (CL) were mixed in various mole ratios to prepare
viscous polymerizable liquids that were stable at room temperature, based on solid-liquid equilibrium
phase diagrams from differential scanning calorimetry (DSC) data. The strong degree of association
between NIPAM and CL within these mixtures was confirmed via 1D and 2D NMR spectroscopy. Using an
appropriate UV photoinitiator and ring opening polymerization catalyst, the orthogonal polymerization
(either in a sequential or simultaneous fashion) of each component within the eutectic was achieved, with
enhanced reaction kinetics for the ring opening polymerization compared to a traditional solvent (DMSO).
Through the incorporation of diacrylate and bis(carbonate) crosslinkers into the resin mixture, IPNs and
semi-IPNs were realised in a one-pot two-step approach from polymerizable eutectics for the first time.
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These networks possessed thermoresponsive swelling behaviour in water, and retained their structural
integrity in good solvents for both phases. This binary eutectic was also shown to be suitable as a resin for
stereolithography 3D printing on a benchtop printer through the inclusion of a RAFT agent, achieving
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Introduction

Synthetic methods in polymer science to achieve orthogonal
polymerizations within a single system have expanded signifi-
cantly in recent years."” Orthogonal polymerizations are based
on chemical selectivity of each polymerization process, where
the reactants (e.g. initiator, catalyst, monomer, amongst
others) for each step can be controlled in an independent
fashion - in any order, or simultaneously, without impacting
on the other chemical step(s). Ideally, orthogonal polymeriz-
ations can be performed in one pot, with no intermediates or
purification required. Several recent reviews exist on the
topic,>™* covering advances including wavelength-orthogonal
photopolymerizations,® “click” chemistry for post-polymeriz-
ation modification® and gel network synthesis. One of the
drivers for orthogonal polymerizations is to achieve targeted
material properties in a single system not achievable with one
class of polymerization; for example “dual cure” or multi-
material 3D printing resins that enable selective spatial
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semi-IPN printed objects in a two-step approach.

polymerization of materials with significantly different
mechanical behaviour (e.g. acrylates and epoxy resins).””®

One of the most popular combinations pursued in the
design of orthogonal polymerization systems is the combi-
nation of radical polymerization (either free-radical or revers-
ible-deactivation radical polymerization) and ring opening
polymerization (ROP), to realise a variety of polymer architec-
tures including block®® and graft'”*° copolymers. In the case
of block copolymers, orthogonal polymerization of a vinyl
monomer and a lactone is most typically achieved using a bi-
functional initiator or catalyst. Some specific examples have
been demonstrated, such as using the nitroxide-mediated
polymerization of styrene and ROP of e-caprolactone (CL),°
atom transfer radical polymerization (ATRP) of various acry-
lates and methacrylates combined with the ROP of CL and
lactide,"*® and the reversible addition-fragmentation chain
transfer (RAFT) polymerization of N-isopropylacrylamide
(NIPAM) in combination with the ROP of lactide.'® These pro-
cesses were typically performed at elevated temperatures,
under oxygen-free conditions, to generate the targeted block or
graft copolymers.

More recently, there has been a shift towards enabling
polymerization processes that yield complex morphologies to
proceed under relatively benign reaction conditions, including
in the presence of air. Yu et al.’® demonstrated the RAFT block
copolymer synthesis of CL and N-vinylcaprolactam (as well as

This journal is © The Royal Society of Chemistry 2025
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N-vinylcaprolactam/N-vinylpyrrolidone copolymers) at 30 °C in
air, through the strategic choice of initiator and catalyst for
both the radical and ring opening polymerization steps.
villarroya et al.'* performed simultaneous ATRP and enzymati-
cally mediated ROP of methyl methacrylate (MMA)/2-hydro-
xyethyl methacrylate with CL to generate block-graft copoly-
mers, this time in supercritical carbon dioxide under relatively
mild reaction temperatures (35 °C). The advent of photo-
induced electron/energy transfer RAFT (PET-RAFT) polymeriz-
ation, as developed by Boyer’s group,*>* has further contin-
ued this trend by utilising the energy from visible or UV light
to facilitate radical polymerization in a controlled fashion.
Their group has demonstrated orthogonal block copolymeriza-
tion of CL with methyl acrylate under ambient conditions,
either in a sequential or simultaneous fashion, through the
use of blue light and an iridium(m) photocatalyst (for
PET-RAFT) and diphenyl phosphate (DPP) as ROP catalyst.”® In
a similar vein, visible-light driven photoacid generation to cat-
alyse ROP of CL in an orthogonal manner to PET-RAFT
polymerization was reported by the same authors.>*

The above-mentioned examples of preparing complex
polymer architectures are all based on polymerization
methods in an appropriate solvent (typically an organic
solvent) for both blocks or resulting polymeric phases.
However as noted by Reese et al.,”> there is a desire in many
materials applications to perform polymerizations in neat or
solventless conditions - for example to reduce harmful bypro-
ducts and chemical waste, or enabling the transformation of a
liquid monomeric resin into a solid polymer of particular
shape, such as in the case of 3D printing technologies. With
respect to replacing traditional and potentially harmful sol-
vents, deep eutectic solvents (DESs)>> >’ represent an exciting
class of mixtures that have shown potential to act as powerful
solvents in chemical synthesis, as well as separation
science,”®*® energy storage,>**" and biotechnology,** amongst
others. DESs are most typically binary mixtures of hydrogen
bond donating and accepting compounds, forming a mixture
with significantly lower melting point than either starting
material.*®> The interpretation of what is a DES remains an
important debate, with a mixture where favourable inter-
actions between components result in enthalpic-driven nega-
tive deviations from ideal mixing a preferred general defi-
nition.** With advantageous physical and chemical properties
including low volatility, tuneable chemical composition and
viscosity, low flammability and potential to be recycled and
recovered, DESs have been used extensively to prepare
materials such as polymeric gels (“eutectogels”),®
monoliths®®*?” and molecularly imprinted polymers.**™*®
When one or more component of the DES is polymerizable,
which we term “polymerizable eutectics” (PEs),*** the
solvent-free polymerization of these mixtures is readily
achieved. This has been demonstrated in the context of photo-
cured eutectogels,*®™*® frontal polymerization,**~* and various
types of 3D printing technologies.’*>® Our group has also
recently shown the synthesis of block copolymers prepared
directly from a PE based on NIPAM and CL, in essence a
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solvent-free block copolymerization using a bifunctional RAFT
agent.”’

Recent advances in the design of PEs based on lactones for
ROP,** ®° as well as PEs consisting of monomers polymerizable
via different mechanisms, inspired us to design and prepare
PE-based interpenetrated polymer networks through a combi-
nation of radical and ring opening polymerizations.
Interpenetrating polymer networks (IPNs) are systems that
consist of two crosslinked polymer networks which are phys-
ically entangled but not chemically connected to each other;*!
the mechanical properties and swelling behaviour of IPNs is
typically highly distinct in comparison to single networks.®?
IPNs (or semi-IPNs, whereby one cross-linked network is phys-
ically entangled with a linear polymer) are most typically pre-
pared by a (i) sequential method where a single network is
swollen with a second monomer and cross-linker, then poly-
merized, or (ii) a simultaneous method, requiring orthogonal
polymerization chemistry. Various IPNs or semi-IPNs incorpor-
ating poly(e-caprolactone) (PCL) have been reported,® °°
however these are almost always prepared sequentially, and
from either linear or multi-arm PCL architectures. Herein, we
demonstrate the first synthesis of IPNs and semi-IPNs based
on PEs composed of a vinyl monomer (NIPAM) and a lactone
(CL) to facilitate orthogonal polymerization. PNIPAM is a well-
known thermoresponsive polymer,®” enabling the design of
stimuli-responsive polymer networks, whilst polyesters such as
PCL are readily amenable to chemical degradation (e.g. via
hydrolysis) and can be cross-linked through the inclusion of
appropriate bis(carbonate) or bis(lactone) cross-linkers.®
Through cross-linking one or both phases, we demonstrate the
solvent-free, one-pot synthesis of network polymers with
unique polymer topologies and swelling capacity. These PEs
are further demonstrated in the context of stereolithography
3D printing on a commercially available benchtop printer.

Experimental
Materials

N-Isopropylacrylamide (NIPAM, 97%), e-caprolactone (CL,
97%), poly(ethylene glycol) diacrylate (PEGDA, average M,
700), tin(u) 2-ethyl hexanoate (TEHA), methanesulfonic acid
(MSA, >99.0%), diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO, 97%), di(trimethylolpropane) (97%), ethyl chloro-
formate (97%) were purchased from Sigma-Aldrich.
8-Valerolactone (VL, 98%) was purchased from Combi-Blocks.
2,2'[Carbonothioylbis(thio)]bis[2-methylpropanoic acid]
(bisPAT) RAFT agent was purchased from Boron Molecular.
Zinc acetate (Zn(OAc),, >99.0%) was purchased from Ajax
Chemicals. Benzyl alcohol (BnOH, 99.6%), hexanes (>95%)
and dimethyl sulfoxide (DMSO, >99.0%) were purchased from
Chem Supply. Tetrahydrofuran (THF, >99.9%) and dimethyl-
formamide (DMF), was purchased from RCI Labscan.
Deuterated chloroform (CDCl;, 99.8%) was purchased from
Cambridge Isotope Laboratories. A bis(carbonate) crosslinker
(2,2"-bis(trimethylene carbonate-5-yl)-butylether) was prepared
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following the protocol reported by Fortman et al.®® A '"H NMR
spectrum of the purified crosslinker is shown in Fig. S1.7

Preparation of polymerizable eutectics

Polymerizable eutectics were prepared by weighing the appro-
priate mass of monomers (NIPAM and CL or VL) into a closed
screw-cap vial to achieve a total mass of approximately 0.6 g,
followed by stirring at 60 °C for at least one hour. The mixtures
were then cooled to room temperature and subsequently
characterized by NMR, DSC and TGA, or used for polymeriz-
ation experiments. The following lactone mole fractions were
used to prepare PEs; 0.25, 0.33, 0.50, 0.67, 0.75, 0.85. For
polymerization experiments the mole fraction of CL was main-
tained at 0.67 (NIPAM-CL ¢;).

Polymerization of NIPAM and CL homopolymers and polymer
blends

PE mixtures were polymerized by adding the relevant initiators
and catalysts directly to the NIPAM:CLy ¢, PE, followed by
irradiation and/or thermal polymerization in ambient air in a
closed vial. NIPAM polymerization was initiated by irradiation
of TPO with a UV lamp (SUN 54 W UV LED lamp, Apax =
370 nm) for up to 5 minutes. A stock solution was prepared of
TPO in DMF (0.01 ¢ mL™") and this solution was pipetted
directly into PE mixtures prior to irradiation to achieve an
initial ratio of [NIPAM]: [TPO] of 100:0.08. CL polymerization
was catalysed by TEHA or MSA, each with BnOH as an
initiator. TEHA-catalysed experiments were carried out at
90 °C, and the initial ratio of [CL]:[BnOH]:[TEHA] was
200:5 : 5, while MSA-catalysed experiments were performed at
room temperature (20-23 °C) where the initial ratio of
[CL]: [BnOH]: [MSA] was 200 : 5: 10. For sequential polymeriz-
ation experiments where NIPAM was polymerized first, all
reagents were added to the PE prior to UV irradiation except
TEHA or MSA. For simultaneous and sequential experiments
where CL was polymerized first, all reagents were added at the
beginning.

Homopolymer control experiments were carried out with
the reagent ratios listed above for NIPAM (either using DMSO
as a solvent or in a NIPAM-CL, ¢, eutectic mixture), and for CL
(neat CL, with DMSO as a solvent, or in a NIPAM-CL, ¢, eutec-
tic mixture). For experiments with monomer dissolved in
DMSO the mass fraction of the monomer was equivalent to
the NIPAM:CLye; eutectic mixtures. Linear homopolymers
and polymer blends were isolated for analysis by precipitation
from THF to hexanes.

Preparation of crosslinked polymer networks

Crosslinked homopolymer networks were prepared in the
same manner as for linear polymers detailed above with the
addition of PEGDA for NIPAM crosslinking and bis(carbonate)
for CL crosslinking. The molar ratio of monomer to relevant
crosslinker was maintained at 20: 1. For CL crosslinking with
TEHA, approximately 0.3 g of reaction mixture was placed in a
glass vial (11 mm internal diameter) which was degassed with
N, for 10 minutes prior to heating at 90 °C in an oil bath over-
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night. For NIPAM crosslinking approximately 0.3 g of reaction
mixture was placed in a rectangular mould (flat embedding
PTFE mould with metal frame from Ted Pella Inc. Cavity
dimensions: 14 x 6.9 x 3 mm) and the sample was irradiated
with a UV lamp (370 nm) for 2 minutes on each side open to
air. Interpenetrating polymer networks (IPNs) were prepared
sequentially by adding all initiators, catalysts and crosslinkers
to the NIPAM-CL, ¢, mixture in a closed glass vial and then
either exposing to UV light in air first (reaction (1), PNIPAM,-
PCL,), or degassing and heating first (reaction (2), PCL,-
PNIPAM,), followed by the other treatment. Semi-IPN samples
were prepared by first polymerising CL with MSA in the PTFE
mould open to air, followed by UV irradiation open to air
(2 min on each side) to crosslink the NIPAM (PCL-PNIPAM,).

Preparation of PE resins and 3D printing

The rapid UV photocuring of NIPAM was applied to masked
stereolithography (MSLA) 3D printing. NIPAM-CL eutectic mix-
tures were prepared and crosslinkers, initiators and catalysts
were added directly to the mixture as described above. For
MSLA 3D printing, the loading of TPO and PEGDA were each
2 wt% relative to the mass of NIPAM. A chain transfer agent
(bisPAT) was also added to the mixture at 0.5 wt% relative to
NIPAM to act as a photoblocker and to control the network mor-
phology during printing. 3D printing was carried out using a
benchtop printer (ELEGOO Mars 3 4K LCD printer, 405 nm)
with the following print parameters: layer thickness = 50 um,
5 bottom layers, bottom layer exposure time = 15 s, regular
layer exposure time = 10 s. Hollow cube structures were printed
(10 x 10 x 10 mm® external dimensions) for swelling analysis.

Mixed-mode PE resins were prepared following the protocol
above, with the addition of Zn(OAc), in the resin (initial ratio
of [CL]: [Zn(OAc),] = 200 : 1) to achieve semi-IPNs via 3D print-
ing. 3D printing of hollow cubes was carried out with the fol-
lowing parameters: bottom layer exposure time = 15 s, regular
layer exposure time = 12 s, with all other parameters as listed
above. After printing the material was placed in a sealed glass
vial and heated to 100 °C in air overnight for polymerization of
CL resulting in PNIPAM,-PCL semi-IPNs.

Swelling investigation of crosslinked PE networks

To investigate the swelling capacity of PE gel networks and
IPNs at room temperature (20-23 °C), gels were dried, and the
dry mass recorded (mq). The dried gels were then placed in
vials containing approximately 15 mL of solvent (deionized
water or chloroform) and the solvated mass (m) was recorded
after swelling the gels for at least 24 hours. To investigate the
thermoresponsive swelling properties of PE gels containing
PNIPAM, the equilibrium swelling was also recorded in water
at 45 °C. The swelling ratio of gels was calculated according to
the following equation:

mg — Mgy

mq

S =

where mjg is the solvated mass of the gel and mgy is the dry
mass.
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Characterisation

TGA. Thermogravimetric analysis (TGA) of monomers, PEs
and polymeric materials was carried out using a Netzsch
Jupiter STA449 TGA-DSC instrument. An aluminium oxide cru-
cible (100 pL) was used to hold the sample in the furnace. The
sample (approximately 5-10 mg) was heated from 25 to 800 °C
at a rate of 10 °C min~" in a nitrogen atmosphere.

DSC. Differential Scanning Calorimetry (DSC) experiments
were performed using a NETZSCH Caliris 300 DSC instrument
equipped with an RCS40 refrigerated cooling system. Heating
and cooling scans were performed at 5 °C per minute with an
isothermal hold for 5-15 minutes between heating and
cooling. All scans were performed in a high purity (>99.99%)
nitrogen environment. Three separate heating and cooling
loops were run for each sample and thermal transitions of
interest were determined from the second and subsequent
heating loops.

Viscosity measurements. The viscosity of the NIPAM-CLy ¢,
PE was measured using a NETZSCH Kinexus pro+ rheometer
with a parallel plate-plate configuration. Stainless steel plates
were used, with an upper plate diameter of 20 mm. For each
measurement approximately 0.35 mL of the mixture was
placed on the lower plate. The measurements were carried out
at 25 °C with a constant shear rate of 1.0 Hz and a measuring
gap of 1.0 mm.

NMR. 1D and 2D NMR spectra of monomers, PEs and poly-
mers were acquired using a Bruker AVANCE III HD 600 MHz
spectrometer equipped with a 5 mm broadband tuneable
probe (BBFO) with a z-gradient. CDCl; was used as a solvent
for all samples and all spectra were recorded at 27 °C. To
acquire "H NMR spectra of neat PEs without dissolving them
in solvent, CDCl; was placed in a sealed capillary tube and
inserted into the NMR tube containing the PE for locking and
shimming. "H-'"H ROESY NMR spectra were acquired for the
PE samples to evaluate association between the PE com-
ponents. 2D DOSY NMR spectra of the PEs were collected to
determine the self-diffusion coefficient of the components.

GPC. Gel permeation chromatography (GPC) was used to
determine the average molecular weight and molar mass dis-
tributions of linear polymers. An Agilent infinity 1260 GPC
system was used for analysis with a triple detector suite (refrac-
tive index, light scattering and viscosity), two PLgel MIXED-C
columns in a column oven set to 30 °C, and THF as eluent
(flow rate 0.5 mL min~"). All polymer samples were dissolved
in THF for at least one hour prior to analysis at approximately
5 mg mL™", then filtered through a 0.45 pm nylon syringe
filter. The system was calibrated with poly(methyl methacry-
late) (PMMA) standards with molecular weights of 400 to
1944 000 g mol ™.

Results and discussion
Preparation and characterization of polymerizable eutectics

We commenced our investigation with a detailed analysis of
preparing polymerizable eutectics from NIPAM-CL and

This journal is © The Royal Society of Chemistry 2025
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NIPAM-VL mixtures. A range of mixtures were prepared at
differing mole ratios of NIPAM : lactone, to construct a binary
solid-liquid equilibrium (SLE) phase diagram of melting point
(s) as a function of composition. Compositions that were
stable liquids at room temperature were targeted for sub-
sequent polymerization. Upon visual inspection of the mix-
tures upon heating and stirring then cooling to room tempera-
ture, stable liquids formed for all compositions x¢;, > 0.5 and
xyr > 0.5 (Fig. 1A). Stable mixtures can also be prepared at low
NIPAM/high lactone mole fractions at room temperature
without the need for heating, however for consistency we
retain a heating and stirring protocol for all mixtures in this
work.

When constructing a binary SLE phase diagram, experi-
mental melting points can be compared to the melting point
depression predicted by the isobaric mixing of two pure com-
pounds, namely:**7°

in ) = 2028 (L1 1) o)

R \Tmi T

where x;, ¥i, ApusHi, Tm,i and T; correspond to the mole fraction,
activity coefficient, enthalpy of fusion, melting point of the
pure compound, and the melting point of the mixture, respect-
ively; R is the universal gas constant (8.314 J K* mol™'). The
above equation neglects any change in the molar heat capacity
of the materials which are generally assumed to be small.”*
The ideal mixing curve (setting y; = 1) enables experimental
deviation from ideality to be examined, specifically looking for
negative deviations from ideality (y; < 1) which form the basis
of a “deep” eutectic solvent.”® Extensive debate exists regarding
the quantification of how large the melting point depression
must be for a system to be classified as a DES,*>’* with even
well-known DES systems such as ethaline (a 1:2 choline
chloride : ethylene glycol mixture) exhibiting close to ideal
phase behaviour.”® The terms “eutectic solvents”> or “low
transition temperature mixtures”>® are recommended by some
researchers, with the most important aspect being that these
are functional supramolecular liquids with unique physical
and chemical properties.

Differential scanning calorimetry (DSC) was used to quan-
tify enthalpies of fusion of our starting materials, as well as
the melting point onset of our mixtures. We use the melt
onset from heating loops to construct binary SLE diagrams
(Fig. 1B), given that a reasonably significant freezing point hys-
teresis was observed in the cooling loops regardless of scan
rate (see Fig. S2, ESIt), which may be in part due to a super-
cooling effect under DSC conditions.”*”> For our pure com-
pounds, excellent agreement with literature melting points
was found when using the melt onset, justifying our choice.
The SLE phase diagram is shown in Fig. 1B along with the pre-
dicted liquidus line assuming ideality, which was determined
from eqn (1) using experimental data for pure compounds
(NIPAM: AgH = 15 526 J mol™", m.p. = 337.95 K; CL: AgH =
11272 J mol™*, m.p. = 261.15 K). We observe two melting tran-
sitions for all compositions where x¢;, < 0.75, where the first
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Fig. 1 (A) Photo of NIPAM-CL eutectic mixtures with the CL mole fraction listed below each vial. (B) NIPAM-CL phase diagram showing experi-
mental onset melting temperatures as well as ideal melting points calculated using eqn (1). All error bars are smaller than the symbol size (n = 2).
The dotted line represents approximate room temperature. (C) TGA thermograms of monomers and NIPAM-CL, g7 eutectic mixture.

melt (blue squares) is attributed to the solidus line of the
phase diagram. The average temperature of the first melt (264
+ 2 K) is close to the predicted ideal eutectic temperature
(258.3 K), supporting the notion that these mixtures exhibit
near-to-ideal mixing. Similar behaviour is observed for
NIPAM-VL mixtures (see Fig. S3 & S4, ESIT). Targeting a poly-
merizable eutectic that is both a stable room temperature
liquid and a relatively high proportion of each monomer for
subsequent polymerization, the composition xc;, = 0.67 was
chosen for further analysis. Thermal stability of this mixture
(purple line, Fig. 1C) as determined by TGA was shown to
exhibit characteristics of both components; the maximum
decomposition temperature was similar to that of NIPAM, with
a residual mass at higher temperatures similar to that of CL.
The NIPAM-CL, ¢; PE was characterized by 1D and 2D NMR
spectroscopy following the same protocol as previous
reports.*®>”7® A high degree of association was present in
these mixtures as evidenced through 1D and 2D 'H NMR spec-

log

O
A) ba\c)LNJe\f
Hq

—— CHcl,

troscopic measurements; the 1D spectrum exhibits broader
resonances that are shifted downfield relative to the pure start-
ing materials (Fig. 2D). 'H-'"H ROESY data demonstrate a
number of off-diagonal cross-peaks that are consistent with
close association of the two PE components through space
(Fig. 2E). There are distinct correlations between the vinyl
protons of NIPAM and the f and y protons in CL and these
signals have been identified with black boxes in Fig. 2E. 2D
DOSY NMR measurements (Fig. S5, ESIT) indicate a separate
diffusion coefficient for each monomer in the PE (approxi-
mately 107'°° m” s™" for NIPAM and 10™°® m® s for CL). We
have previously shown that the self-diffusion coefficient for
NIPAM in water is ~107°" m® s7',”° demonstrating that the
monomers in our PE have significantly reduced mobilities
compared to those in a conventional solvent. The viscosity of
the NIPAM-CL,¢; PE was measured to be 8.5 cP at 25 °C,
similar to previously reported acrylate and acrylamide-based
PEs.*®” PCL as an impurity is sometimes observed in the PE

l A ppm
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Fig. 2 (A-D) *H NMR spectra of (A) NIPAM, (B) CL, (C), NIPAM-CL, 67 dissolved in CDCls, (D) neat NIPAM-CL, ¢; PE containing a capillary filled with
CDCls. (E) *H-*H ROESY NMR spectrum of NIPAM-CLg 67 with discernible correlations identified.
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mixtures at low concentrations (5 mol% relative to total CL)
prior to the addition of ROP catalysts, which we also see by
DOSY NMR (see Fig. S5, ESIT).

Orthogonal polymerization of PEs

Preliminary studies were performed to evaluate the orthogon-
ality of the polymerization of each component within our
NIPAM : CL PEs where x¢p, = 0.67. These reactions were carried
out in the absence of cross-linkers, to fully characterise the
linear polymers formed. NIPAM was polymerized using TPO as
a UV-active Type I photoinitiator upon exposure to 370 nm UV
light; CL was polymerized via one of two common ROP cata-
lysts, namely methanesulfonic acid (MSA) at room tempera-
ture, or tin(u) 2-ethylhexanoate (TEHA) at 90 °C, each using
benzyl alcohol (BnOH) as an initiator. These processes are
shown in Scheme 1A.

We commenced by performing control experiments where
either NIPAM or CL was polymerized, either in the as-prepared
PE or, as comparison, in the bulk or a traditional solvent at the
same mass fraction of monomer. The results are shown in
Fig. 3. The photopolymerization of NIPAM in the PE is rapid,
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achieving a conversion of ~65% in 2 minutes (red triangles,
Fig. 3A). The reaction proceeds at a comparable rate and final
conversion to that performed in DMSO (green squares), and
the polymerization is not inhibited by the presence of TEHA
catalyst for the ROP process. The ROP of CL was examined in
neat CL, solution (DMSO) and eutectic polymerization via two
catalysts (Fig. 3B and C). As anticipated due to the higher
monomer concentration, the neat polymerization of CL was
the fastest process. Encouragingly, the polymerization was
much faster in the PE compared to in DMSO, for both sets of
catalysts studied, with quantitative conversion of monomer to
polymer. Our group has observed similar increases in reaction
rates previously, which we attribute to both the higher viscosity
of PEs compared to traditional solvents, which decreases the rate
of chain stoppage events in the reaction medium.’””® A small
increase in polymerization rate at low conversion/early time is
observed for the TEHA catalyzed polymerization of CL in the
presence of TPO (red triangles and purple diamonds, Fig. 3B),
the mechanistic origins of which are unclear at this point.
Various orthogonal polymerizations of our PEs were then
performed according to the reaction pathways described in
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Scheme 1 (A) Schemes indicating reaction conditions used to prepare PNIPAM and PCL linear polymers. (B) Scheme showing sequential (reaction
(1) & (2)) and simultaneous (reaction (3)) preparation of PNIPAM and PCL polymer blends from a PE mixture. Reactions labelled ‘A’ use photoinitiator

and UV irradiation. Reactions labelled ‘B’ use an ROP catalyst & initiator.
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Fig. 3 Homopolymer control experiment conversion data for (A) NIPAM initiated by TPO, (B) CL catalysed by TEHA and (C) CL catalysed by MSA.
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Scheme 1B. For Reaction 1 the ROP catalyst was added to the
PE mixture after polymerization of NIPAM, while for reaction
(2) and (3) all initiators and catalysts were present in the PE
mixture prior to any polymerization. Fig. S6C (ESIt) shows
representative "H NMR spectra with integration regions used
to calculate monomer conversion. In order to calculate conver-
sion when both polymers are present, the integration of the
PCL peak at 2.30 ppm is subtracted from the integration of the
overlapping PNIPAM and PCL signals at 4.00 ppm to deter-
mine the PNIPAM signal area. When NIPAM is polymerized
first, followed by CL using TEHA as catalyst at 90 °C (Fig. 4A),
PNIPAM is formed very quickly in the timescale of the reac-
tion, and to a comparable conversion to the data in Fig. 3A.
The presence of linear PNIPAM and the corresponding
increase in sample viscosity does not impede the full conver-
sion of CL over 24 h. In the reverse process (CL first followed
by NIPAM, Fig. 4B), the polymerization of CL proceeds
smoothly to full conversion in 6 h, with zero conversion of
NIPAM (even at the elevated reaction temperature of 90 °C).
After polymerization of CL, the reaction mixture becomes
slightly opaque, however this does not affect the next step;
upon irradiation with UV light, the conversion of NIPAM is
essentially quantitative over a few minutes. The simultaneous
polymerization (Fig. 4C) is ‘the best of both worlds’, with rapid
conversion of NIPAM and rapid polymerization of CL, achiev-
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ing >80% conversion in 5 hours. The use of MSA as catalyst at
room temperature (Fig. 4D-F) gives inferior results in some
instances - when CL is polymerized last, or sequentially
(Fig. 4D and F), the conversion is much lower compared to the
use of TEHA. This is attributed to the lower reaction tempera-
ture (90 °C vs. room temperature), which greatly influences the
reaction viscosity (in particular, when a high mass fraction of
PNIPAM is present). We subsequently focus on the TEHA cata-
lysed systems due to the high conversion of both monomers,
however room temperature reactions can be advantageous in
numerous instances, which we discuss later in the
manuscript.

Linear homopolymers and polymer blends were isolated by
precipitation and were analysed via TGA and GPC. Select TGA
thermograms and GPC chromatograms are displayed in Fig. 5
comparing PNIPAM and PCL homopolymers each prepared
from a eutectic mixture, with PNIPAM-PCL polymer blends
prepared via reaction (3) (the simultaneous pathway). TGA
thermograms and GPC chromatograms for all samples in this
work are shown in Fig. S7 and S8,} respectively, and summar-
ised in Table 1. Homopolymer control experiments for both
PNIPAM and PCL show that both the molar mass distribution
and the mass loss profile by TGA are comparable between reac-
tions performed in the eutectic and those performed either in
the bulk or in DMSO; the polymers have comparable molar
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Fig. 4 Mixed-mode conversion of NIPAM (blue) and CL (red) for (A), (B) and (C) TPO/TEHA systems, (D), (E) and (F) TPO/MSA systems. (A) & (D)
Sequential polymerization NIPAM then CL (reaction (1)). (B) & (E) Sequential polymerization CL then NIPAM (reaction (2)). (C) & (F) Simultaneous
polymerization NIPAM & CL (reaction (3)). For panels (A), (C), (D) and (E) UV irradiation occurs for the first 5 min, for (B) and (E) light bulb symbol indi-

cates when 5 min UV exposure started.
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Fig. 5

(A) TGA thermograms and (B) GPC chromatograms for PNIPAM (blue) and PCL (red) homopolymer controls as well as PNIPAM-PCL copoly-

mers (purple). In each graph the homopolymers were prepared from the eutectic mixture, and copolymers were polymerized simultaneously (reac-

tion (3)).

Table1 TGA and GPC summary data for linear homopolymers &
polymer blends prepared via reactions (1-3)

ntry

Initiator/

M. @

E n

# Sample catalyst (°C) (gmol™) P
1 PNIPAM-DMSO TPO 414.1 3930 1.5
2 PNIPAM-CL TPO 405.4 3280 1.6
3 PCL neat TEHA 309.5 4390 1.4
4 PCL-DMSO TEHA 308.4 3870 1.4
5 PCL-NIPAM TEHA 318.1 3520 1.4
6 PCL neat MSA 407.3 7260 1.9
7 PCL-DMSO MSA 405.0 4140 1.6
8 PCL-NIPAM MSA 405.6 6950 1.4
9 PNIPAM-PCL R1 TPO/TEHA 314.5 3620 1.2
10 PNIPAM-PCL R2 TPO/TEHA 321.8 3300 1.5
11 PNIPAM-PCL R3 TPO/TEHA 316.7 3720 1.5
12 PNIPAM-PCL R1 TPO/MSA 380.8 2880 1.1
13 PNIPAM-PCL R2 TPO/MSA 397.7 3410 1.2
14 PNIPAM-PCL R3 TPO/MSA 371.7 3150 1.2

“Relative to PMMA standards by THF GPC.

mass distributions with relative M,, values between 3-7 kDa;
given the high initiator loading these molar mass distri-
butions are not unexpected. The thermal stability and
number average molar mass for PCL is higher when MSA is
used as a catalyst compared to TEHA (see entries 3-5 & 6-8,
Table 1); the value of Ty, increases by close to 100 °C when
MSA is used, which is attributed to the differing end-groups
as a result of the choice of catalyst influencing the thermal
stability of the polymer.”” The TGA profile of our simul-
taneous polymerization (using TPO/TEHA, entry 11, Table 1;
Fig. 5A, central panel) has distinct features with a two-step
mass loss profile that can be directly attributed to PCL and
PNIPAM respectively. Assuming the mass change in each
section of the TGA profile corresponds to homopolymer
decomposition of either PNIPAM or PCL, the PCL mass frac-
tion in each system was 0.72, 0.72 and 0.76 (for reaction (1),

This journal is © The Royal Society of Chemistry 2025

reaction (2) and reaction (3) respectively), which is in good
agreement with the mass fraction of the original composition
of the eutectic.

Interpenetrating and semi-interpenetrating networks from PEs

Our NIPAM-CL PEs with x¢;, = 0.67 were subsequently used for
the solvent-free preparation of IPNs and semi-IPNs through
the cross-linking of one or both components (see Fig. 6A).
IPNs were achieved in a sequential fashion (reaction (1) or (2)),
whereby CL was cross-linked through the use of a bis(carbon-
ate) compound prepared as per the literature,’® and NIPAM
was cross-linked with commercially available PEGDA. Each
cross-linker was present at a mole fraction of 5% relative to its
respective monomer. PEs present a technical advantage for the
preparation of IPNs as both monomers are present at the start
of the reaction, avoiding the need for sequential synthetic
steps such as purification and isolation of the first network for
swelling with the second monomer. For cross-linking of PCL
only the TEHA ROP catalyst was used as the MSA catalyst was
not compatible with the bis(carbonate) crosslinker, whereby
no cross-linked networks were formed. In this section the sub-
script ‘x’ refers to a cross-linked phase. As both monomers are
present through the formation of the initial PE, the first
network does not need to be swollen with additional
monomer to form an IPN; furthermore the orthogonality of
each polymerization enables the network structure in each
step to be studied independently.

Initially, cross-linked PNIPAM and PCL homopolymer gels
were prepared from both PEs and a conventional solvent
(DMSO), as well as in the bulk for CL for comparison.
PNIPAM,-DMSO gels were optically transparent, while
PNIPAM,-CL gels prepared under the same conditions were
opaque (Fig. S9A, ESIT). All PCL gels (PCL, neat, PCL,-DMSO,
PCL,-NIPAM) were opaque with a slight yellow colour due to
the bis(carbonate) crosslinker (Fig. S9B, ESIf). PCL,-NIPAM
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gels were better at retaining their original shape after washing
and drying compared with PCL, neat or PCL,-DMSO. To evalu-
ate their level of cross-linking, the swelling of dried homopoly-
mer gels was studied in water (for PNIPAM,) and chloroform
(for PCL,). This data is shown in Table 2. The swelling ratio of
PCL networks in chloroform had a large standard deviation
compared with swelling in water due to the rapid evaporation
of chloroform from these samples. Additionally, PCL, neat
samples lacked structural integrity after swelling and some
samples crumbled into several pieces. PNIPAM, gels showed
reversible thermoresponsive swelling in water (Table 2, entries
1 and 2), as anticipated due to the lower critical solution temp-
erature (LCST) of PNIPAM at ~32 °C, resulting in a volume
phase transition temperature (VPTT) of these networks. The
swelling ratio of PNIPAM, is similar when prepared either in
DMSO or in CL, indicating a comparable level of cross-linking.
The effective cross-link density g.s of these networks was esti-
mated via Flory-Rehner theory”® (see ESIT and Table 2). PCL,
essentially undergoes no swelling in water (entries 3-5), but
swells substantially in chloroform; the gel prepared from the
PE (entry 5) has the lowest cross-link density and highest swell-
ing capacity. Notably, the cross-link density of the PCL net-
works is significantly lower than the predicted value (g% =
0.1, based on 5 mol% of cross-linker in the mixture and 2
cross-link sites formed per molecule), suggesting a relatively

low fraction of the bis(carbonate) crosslinker incorporated into
the network structure.

IPNs were subsequently prepared from our PEs using two
sequential one-pot approaches, where either NIPAM (reaction
(1)) or CL (reaction (2)) was the first phase to be cross-linked
(entries 6, 7, Table 2 and Fig. 6B). While the conversion of CL
with TEHA was similar regardless of reaction order for linear
polymerization (Fig. 4A and C), the relative mass fraction
PNIPAM, and PCL, in the resulting IPNs based on TGA data
was dependent on the order of cross-linking (Table S1, ESI}).
The behaviour of these networks in water and chloroform was
also studied. When PCL was cross-linked first followed by
PNIPAM (rection (2), entry 7), the network lacked the structural
integrity to remain intact when immersed in water. In com-
parison, PNIPAM crosslinking followed by PCL worked well
(reaction (1), entry 6), forming a robust IPN. The network
showed thermoresponsive swelling in water as well as swelling
in chloroform, however the equilibrium swelling capacity in
each solvent was reduced compared to homopolymer gels.
This is attributed to both the inter-entanglement of cross-
linked PCL and PNIPAM domains within the IPN and
unfavourable polymer-solvent interactions (e.g¢ PCL, and
water) that favour a contraction of the network. Semi-IPNs
were also successfully prepared (reaction (2), entry 8) where
linear PCL was first formed, followed by polymerization and

Table 2 Swelling ratios for crosslinked homopolymer networks and IPN/semi-IPNs

El’ltl’y # Sample Swater (RT) Swz\ter (45 OC) SCHCI»; Gett

1 PNIPAM,-DMSO 2.29 + 0.04* 0.40 + 0.03* x* 0.17
2 PNIPAM,-CL 2.14 + 0.07* 0.37 +0.01* x* 0.19
3 PCL, bulk 0.04 + 0.01 — 8.31 +0.02 0.01
4 PCL,-DMSO 0.041 + 0.008 — 12.7 £ 0.9 0.005
5 PCL,-NIPAM 0.044 + 0.006 — 15.2 £0.2 0.004
6 PNIPAM,-PCL, R1 IPN 1.44" 0.25 3.747

7 PCL,-PNIPAM, R2 IPN x° — —

38 PCL-PNIPAM, semi-IPN 1.95 + 0.01 0.3+0.1 —

“Denotes sample crumbled when immersed in solvent. RT = 20-23 °C. n = 2 for all samples except those denoted *n =3, 'n = 1.
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cross-linking of NIPAM resulting in a semi-2 type IPN (linear
polymer prepared first, followed by a crosslinked network).”®
For this process CL was polymerized in situ using MSA as cata-
lyst in air at room temperature, enabling the entire process to
be performed in an open PTFE mould with no complicated
equipment (see Fig. S11, ESI}). PCL-PNIPAM, semi-IPNs were
washed with water and then chloroform to remove any
unreacted monomer and linear PCL before drying; the thermo-
responsive swelling capacity of this PNIPAM, network in water
was reduced in comparison to homopolymer PNIPAM net-
works prepared in the absence of PCL.

3D printing from PE resins

Our NIPAM-CL,s; PE was then used as a stereolithography
(SLA) resin on a benchtop 3D printer. The use of a UV photo-
initiator such as TPO enables these resins to be cured at the
nominal wavelength of the printer (405 nm), in the absence of
any traditional solvents. This is particularly advantageous for
monomers such as NIPAM, that possess melting points well
above room temperature and most typically used in an
aqueous hydrogel format®*®' for SLA 3D printing. Using
2 wt% PEGDA as cross-linker, printing performance was evalu-
ated using a 10 x 10 x 10 mm”® hollow cube with vertical and
horizontal struts as a test design (see Fig. 7, top left panel).
Without any further additives, significant overcuring was
observed and a solid cube was formed. To address this
problem, a symmetric RAFT agent was dissolved in the resin at
a concentration of 0.5 wt% relative to NIPAM, similar to pre-
viously published work on RAFT-mediated 3D printing.*®?
The RAFT agent plays multiple roles; it acts as an in situ photo-
blocker to reduce unwanted light penetration during the print-
ing process in addition to reducing residual stress in the
polymer network through the degenerative transfer process
whilst not compromising the thermal properties of the
polymer (see Fig. S13f). A highly transparent PNIPAM,-CL
hollow cube was printed as a result, with excellent shape fide-
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lity in comparison to the target design (see Fig. 7, top right;
Table S27 gives measured dimensions of the printed objects).

Similar to our bulk cured networks, these printed objects
possess thermoresponsive behaviour when immersed in water.
At room temperature, the object symmetrically swells to
approximately 1.5 times its original external size, with a sig-
nificant increase in mass due to absorbed water, and loss of
optical transparency, whilst retaining its structural features
(see Table S2, and Fig. 7, bottom right panel). When the
swollen object is heated through the LCST of PNIPAM to
45 °C, we observe mass loss due to desorbed water, coupled
with only a very small decreased in external size as well as loss
of the smooth structural features of the original cube. A rough,
“ragged/buckled” cube is formed as a result, which is fully
reversible back to the “ordered” structure when allowed to cool
back to room temperature in water. This observation could be
attributed to the buckling of the PNIPAM network due to the
osmotic pressure created as water desorbs from the outermost
surface of the printed object at higher temperatures.®’

As a final investigation of orthogonal preparation of IPNs
from PEs, we prepared 3D printing PE resins also containing
the reagents required for subsequent CL polymerization. This
enables the preparation of semi-1 IPNs where linear PCL is
formed within a PNIPAM, 3D-printed network. For these print-
ing experiments the same base resin formulation was used as
for the NIPAM-only polymerization discussed above. Initial
attempts where TEHA was incorporated into the resin resulted
in unsuccessful printing, attributed to unwanted formation of
linear PCL during the print step. This altered the viscosity of
the resin and required UV exposure to achieve sufficient curing
throughout each layer of the print. While the linear polymeriz-
ation of NIPAM and CL with TPO and TEHA was orthogonal
under 370 nm irradiation (Fig. 4), this orthogonality was lost
when using the different wavelength of the 3D printer (Amax =
405 nm). An alternative ROP catalyst, zinc acetate,®* was sub-
sequently used which resulted in successful printing of

-
A) Design
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——PNIPAM,-CL (Zn(OAc),)
—— PNIPAM,-PCL semi-IPN

100 200 300 400 500 600
) Temperature (°C)

Fig. 7 (A) Images of PNIPAM,-CL 3D printed cube structure showing reversible thermoresponsive swelling in water. Scale bar in all figures rep-
resents 1 cm. (B) Images of PNIPAM,-CL (with zinc acetate present) and PNIPAM,-PCL semi-IPN 3D printed materials. (C) TGA thermograms of
PNIPAM,-CL with zinc acetate present (blue) and PNIPAM,-PCL semi-IPN (red).

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025, 16, 1332-1344 | 1341


https://doi.org/10.1039/d4py01456a

Published on 12 februari 2025. Downloaded on 2025-10-16 08:33:25.

Paper

PNIPAM, structures from the PE resin containing CL and zinc
acetate throughout the material (Fig. 7B). This structure was
placed in a sealed glass vial and heated at 100 °C to polymerize
the CL; as a visual indication of PCL formation, the opacity of
the material increased after heat treatment. These semi-IPN
materials were studied via TGA after each step to determine
the relative mass fractions of each component. Fig. 7C shows
the TGA thermograms after 3D-printing, prior to ROP of CL
(PNIPAM,-CL (Zn(OAc),)) as well as after heating the material
to polymerize CL (PNIPAM,-PCL semi-IPN). The as-printed
material shows a significant mass loss (64.9%) around 144 °C.
This is in excellent agreement with the initial mass fraction of
CL in the resin (65.5%), supporting minimal PCL formation
during the printing process. After heating, this first mass loss
(135 °C) was greatly reduced (17% of total mass). This result
indicates that a considerable amount of CL is polymerized
within the PNIPAM, network structure, yielding a PNIPAM,-
PCL 3D-printed semi-IPN.

Conclusions

In this work, the direct preparation of interpenetrating
polymer networks (IPNs) and semi-IPNs from a binary poly-
merizable eutectic is reported for the first time. Using differen-
tial scanning calorimetry, a solid-liquid equilibrium phase
diagram was created for mixtures of NIPAM and CL, which
exhibit near-to-ideal behaviour. A high degree of association
between the two monomers was demonstrated by 1D/2D NMR
spectroscopy, and significantly reduced self-diffusion coeffi-
cients of both species compared to those measured in conven-
tional solvents. The formation of a stable room temperature
liquid enables orthogonal polymerization of both components
in the absence of added solvents, either in a sequential or sim-
ultaneous fashion, with an increase in the polymerization rate
of CL in the polymerizable eutectic compared to the same
process in DMSO. Using a commercially available diacrylate
cross-linker and an as-synthesised bis(carbonate) compound
to participate in ring opening polymerization, both IPNs and
semi-IPNs can be prepared in a one-pot process. The presence
of a crosslinked PNIPAM network provides reversible thermo-
responsive swelling in water for these IPNs, the preparation of
which is highly dependent on the order in which the two
phases are polymerized/crosslinked. The rapid polymerization
of NIPAM using a UV-active photoinitiator also enables these
mixtures to be used as resins for SLA 3D printing on a bench-
top printer, with CL present within the cross-linked PNIPAM
matrix. The printed networks give intriguing reversible mor-
phology changes when allowed to swell and deswell in water as
the temperature is varied, and upon heating the printed object
to polymerize CL, semi-IPN materials can be achieved in a two-
step fashion. Future work in this area will investigate the
design of printed IPN and semi-IPN networks with good print
fidelity. We anticipate that due to the flexibility surrounding
the design of differing PEs based on monomer type and class,
this approach will enable a wide range of polymer networks to
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be created with tailored physical and chemical properties in
the future.
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