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Solvent-free, photoinduced block copolymer
synthesis from polymerizable eutectics by
simultaneous PET-RAFT and ring-opening
polymerization in airt
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We report the preparation of poly(N-isopropylacrylamide)-block-poly(e-caprolactone) (pNIPAM-b-pCL)
block copolymers via the simultaneous RAFT polymerization and anionic ring-opening polymerization
(ROP) of NIPAM and CL respectively, in the absence of traditional solvents. This was achieved through the
formation of a deep eutectic solvent system based on mixtures of NIPAM and CL in various mole ratios,
which resulted in a viscous liquid at room temperature. 1D and 2D NMR spectroscopy supported the
strong association between NIPAM and CL within the eutectic structure and low-self diffusion coefficients
of the monomers within the medium. Through the use of a modified RAFT agent with a terminal hydroxyl
group on the R group to facilitate ROP, block copolymers were synthesized via simultaneous photo-
induced-electron/energy transfer RAFT (PET-RAFT) and ROP in air using a ruthenium photocatalyst and
tin() 2-ethylhexanoate as initiator for the respective polymerizations. Low dispersity copolymers were
prepared that exhibited living behaviour; the block copolymers displayed thermoresponsive self-assembly
behaviour in water due to the presence of the NIPAM block. The use of the polymerizable eutectic gave
much higher reaction rates in comparison to the equivalent reactions conducted in typical organic sol-
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Introduction

Reversible-deactivation radical polymerization (RDRP) tech-
niques have transformed polymer science due to their ability
to precisely control the molar mass, dispersity, and architec-
tures of polymers.' The most commonly employed RDRP tech-
niques include atom-transfer radical polymerization (ATRP),
nitroxide-mediated polymerization (NMP),> and reversible
addition-fragmentation chain-transfer polymerization
(RAFT).*® More recently, these established approaches have
been augmented by photocatalysis, which can facilitate these
processes at ambient temperature under irradiation with
visible light,*® as well as in the presence of air,”'® removing
the need for tedious degassing procedures.

The versatility of degenerative chain transfer agents (CTAs)
to control various monomer classes makes RAFT polymeriz-
ation arguably the most versatile of the different RDRP tech-
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vents, highlighting the benefit of this synthetic approach.

niques. Notably, the CTA not only controls the polymerization
through the rapid RAFT equilibrium, but also provides an
alternative mode for initiating polymerization in the presence
of visible light as many CTAs contain appropriate chromo-
phores.'’ Photoinduced RAFT polymerization methods have
already been integrated into emerging synthetic techniques
such as additive manufacturing and flow chemistry methods.">"*

The variety of block copolymers that can be accessed syn-
thetically has greatly expanded by using a dual-functional CTA/
initiator, enabling both RDRP and ring opening polymeriz-
ation (ROP) to occur from the same molecule. This results in
block copolymers with blocks derived from distinct reaction
mechanisms."*™"” Such block copolymers are usually prepared
in a stepwise manner, typically through using a CTA bearing
an appropriate functionality to also initiate ROP; the RAFT
agent is used to first control the RDRP of a vinyl monomer, fol-
lowed by ROP of a relevant lactone (or vice versa)'®*>* in the
presence of an appropriate catalyst.>* Simultaneous RDRP/ROP
is also possible; “click” chemistry methods to efficiently link
homopolymers to form block copolymers with such a compo-
sition have also been reported.>> The development of
photoinduced electron/energy transfer RAFT (PET-RAFT)
polymerization,”*®° has enabled controlled polymerization

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/polymers
http://orcid.org/0000-0002-1124-0064
http://orcid.org/0000-0001-5515-2878
http://orcid.org/0000-0002-8168-3856
https://doi.org/10.1039/d3py00294b
https://doi.org/10.1039/d3py00294b
https://doi.org/10.1039/d3py00294b
http://crossmark.crossref.org/dialog/?doi=10.1039/d3py00294b&domain=pdf&date_stamp=2023-06-01
https://doi.org/10.1039/d3py00294b
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014022

Published on 11 mayo 2023. Downloaded by Fail Open on 7/05/2025 9:35:12 am..

Polymer Chemistry

to proceed under mild conditions. In this manifold, the energy
provided by visible light obviates the need for thermal
initiation. These conditions are compatible with other modes
of polymerization, such as orthogonal block copolymerization.
For example, the Boyer group demonstrated this through the
preparation of poly(e-caprolactone)-b-poly(methyl acrylate)
(PCL-b-PMA) block copolymers by either sequential or simul-
taneous ROP and PET-RAFT polymerization.>®

The majority of polymer syntheses via both RDRP and ROP
techniques are typically performed in common organic sol-
vents (e.g., DMSO, THF, DMF and toluene). Block copolymer
synthesis, with the exception of polymerization-induced self-
assembly methods,*® also requires judicious choice of solvent
to ensure the solubility of both blocks. As an alternative to
organic solvents, deep eutectic solvents (DESs)*'* have
enjoyed significant attention in recent times as alternatives to
organic solvents and ionic liquids in chemical synthesis,****
including in polymer science.*® These DESs are remarkably
simple to prepare, often via the physical mixing of two or more
components to form a viscous liquid that possesses a melting
point that is significantly lower than any of the individual
components.*®?” DESs can be prepared from non-toxic and
naturally abundant starting materials.>® These systems typi-
cally display low volatility, are non-flammable, may be
recycled/recovered and possess high thermal and chemical
stability. The most common class of DESs are prepared by
mixing a hydrogen bond donor (e.g., a carboxylic acid, alcohol
or amide) with a hydrogen bond acceptor (e.g., a quaternary
ammonium halide salt) in an appropriate stoichiometric ratio.

DES systems have been extensively studied within the
context of free-radical polymerization for the preparation of
cross-linked gels via frontal polymerization,**™*> polymer
monoliths,”*® and photo-curing systems.’””>° These are
usually termed ‘polymerizable eutectics’ (PEs),>" whereby one
or more components of the DES is a polymerizable compound
and hydrogen bond donor, such as (meth)acrylic acid, acryl-
amide and N-isopropylacrylamide (NIPAM). There are relatively
few reports of RDRP in DES systems and, importantly, these
are not PEs - the DES systems used are a direct replacement
for a conventional solvent. Examples include the supplemental
activator and reducing agent (SARA)*> and ARGET>® ATRP of a
variety of acrylates and methacrylates in reline (a DES consist-
ing of a 2:1 mixture of urea and choline chloride), as well as
the ATRP of MMA catalyzed by FeBr, in 13 different DES
systems,”® in which the DES components serve a secondary
role as the supporting ligand for the ATRP process. The RAFT
polymerization of 2-hydroxyethylmethacrylate (HEMA) was per-
formed by Santha Kumar and Singha® in reline and moni-
tored by DSC, which showed greatly enhanced reaction kinetics
and higher conversion compared to polymerization in the
bulk, in DMF and in various ionic liquids. A similar phenom-
enon was observed by Li and Yu,”® who performed the
PET-RAFT polymerization of MMA, methyl acrylate, dimethyl-
acrylamide and styrene in a tetrabutylammonium chloride/
ethylene glycol DES; the rate of polymerization was signifi-
cantly higher (4.5x) in the DES compared to in DMSO.

This journal is © The Royal Society of Chemistry 2023
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Monomers for ROP have also been used to prepare PE
systems to enable the preparation of polyesters under relatively
mild conditions. i-Lactide (LA) formed a 1:1 eutectic with tri-
methylene carbonate (TMC) which had a melting point of
23 °C; this mixture was used to selectively form the homo-
polymer of LA at room temperature using benzyl alcohol as
initiator and DBU as catalyst. By operating at temperatures
above the glass transition of PLA, LA-TMC copolymers were
successfully produced. Perez-Garcia and co-workers®® prepared
eutectics based on LA and CL in a 30:70 mass ratio (melting
point —19 °C) to form polyester blends based on the selective
polymerization of these two monomers within the continuous
phase of a high internal phase emulsion (HIPE) to yield an
open cell foam.

In this work, we report the formation and characterization
of a PE based on NIPAM and CL, as a polymerizable mixture
that is amenable to both (controlled) radical and ring-opening
polymerization mechanisms. This is, to our knowledge, the
first report of a binary PE where both components are poly-
merized via a different mechanism in the one system. Via a
simple heating and stirring approach, NIPAM:CL PEs were
formed that persist as stable, viscous liquids at room tempera-
ture that can polymerized under mild conditions. To demon-
strate the behaviour of these PEs, we report the block copoly-
mer synthesis of PNIPAM-b-PCL, achieved using a modified
RAFT agent that serves both as CTA and ROP initiator. This
polymerization was achieved at room temperature using the
PET-RAFT process to polymerize NIPAM with blue light and a
ruthenium photocatalyst, as well as the anionic ROP of CL
mediated by an appropriate catalyst, with no deoxygenation.
Under what are essentially solvent-free conditions, the
polymerization proceeded at higher rates than equivalent reac-
tions in organic solvents, with good molar mass control of the
resulting polymers.

Experimental
Materials

N-Isopropylacrylamide (NIPAM; 97%) was purchased from
Sigma-Aldrich. e-Caprolactone (CL; 98%) was purchased from
Combi-Blocks. Ethylene glycol (99%), N,N-dicyclohexyl-
carbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP,
>99%) and [Ru(bpy)s;(PFs):] (97%) were all purchased from
Sigma-Aldrich and used as received. 2-(n-Butyltrithiocarbonate)-
propionic acid (BTPA) was synthesized according to literature
procedures.>® Tin(n) 2-ethyl hexanoate (TEHA) was purchased
from Aldrich. Liquid monomers were passed through a short
column of basic alumina to remove inhibitors; all other
reagents were used as received without any further purification.

Analysis

1D and 2D (ROESY and DOSY) proton (*H) NMR spectra were
acquired using a Bruker AVANCE III HD 400 MHz spectrometer
equipped with a 5 mm broadband tuneable probe (BBFO) with
a z-gradient. NMR spectra of PEs were obtained by placing the
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sample in a 5 mm NMR tube; D,0O was placed in sealed capil-
lary tube and inserted into the NMR tube for locking and
shimming the sample and indirect referencing relative to the
NMR standard sodium trimethylsilylpropanesulfonate (DSS).
Spectra were recorded at 27 °C. 1D 'H NMR spectroscopy was
used to determine the fractional conversion of monomer to
polymer by comparing the integral of vinylic protons of NIPAM
(6g ~ 6.15 ppm) and the ester group of e-caprolactone (5y ~
4.25 ppm) before and after polymerization to an internal refer-
ence (DMF: 6y = 3.30 ppm). Deuterated chloroform (CDCl;)
was used as the NMR solvent for analysis of the copolymer.

Differential scanning calorimetry (DSC) experiments were
performed using a PerkinElmer DSC 8000 instrument using an
empty pan for reference. In a representative analysis, ~14 mg
of freshly prepared PE was placed inside an aluminium pan.
Nitrogen was used as carrier gas. The sample was heated from
—45 to 60 °C at a rate of 5 °C min™", followed by an isothermal
holding step at 60 °C for 5 min, and finally a cooling cycle
from 60 to —45 °C at the same rate. Three loops of this
sequence were performed. The DSC of prepared block copoly-
mers was performed by heating the sample from —70 to 150 °C
at a rate of 2 °C min™".

Thermogravimetric analysis (TGA) was carried out using a
Setaram LABSYS Evo TG-DSC 1600C instrument. An alu-
minium oxide crucible (100 pL) was used to hold the sample
in the furnace. The sample (~15 mg) was heated from 25 to
600 °C at a rate of 10 °C min™" in a nitrogen atmosphere.

Polymer molar mass distributions were determined via
using a Shimadzu system with refractive index detection
(RID-10A), four Phenogel columns (10°, 10, 10° and 500 A
pore size) and THF as eluent (flow rate 1 mL min™"). All
polymer samples were dissolved overnight in the eluent at a
concentration ~3 mg mL ™", then filtered through a 450 nm
nylon filter. The columns were housed in a CTO-10AC VP
Shimadzu column oven set at 40 °C. The system was calibrated
with poly (methyl methacrylate) (PMMA) standards with mole-
cular weights of 200 to 69 000 Da.

Dynamic light scattering (DLS)
measured by using a Malvern ZetaSizer Nanoseries instrument
integrated with DTS software. The measurement was carried
out at 298 K using a 4 mW He-Ne laser with wavelength
633 nm. The scattering angle was 173°. Results were based on
the average values of three independent measurements at
intervals of 2 °C intervals within the temperature range of 20
to 40 °C.

Viscosity measurements were performed at 25 °C using an
Atago Viscometer; the spindle speed was 200 rpm.

The light source for photopolymerization experiments was
prepared from blue LED strips (4 = 472 nm, whole strips 10.4 V
and 260 mA and each individual LED drops 2.9 V at ~10 mA)
housed inside a circular stainless steel reactor, covered with
aluminium foil. There were three LEDs in a group in series
with a 130-Ohm resistor, and there were 28 groups in the strip.

Synthesis of non-ionic polymerizable eutectics. Non-ionic
PEs were prepared from = mixtures of NIPAM
(N-isopropylacrylamide) and CL (e-caprolactone) in various

measurements were
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mole ratios. The two reagents were added to a sealed flask and
placed under a nitrogen atmosphere, followed by heating at
50 °C for 1 h with continuous magnetic stirring. The resulting
clear viscous liquid was allowed to cool slowly to visually deter-
mine the freezing onset temperature. These mixtures were also
analyzed via DSC.

Synthesis of hydroxyl chain transfer agent (HCTA). HCTA
was synthesized according to literature procedures.*® Briefly,
BTPA (0.50 g, 2 mmol), ethylene glycol (0.40 g, 6.4 mmol),
DCC (0.43 g, 2.08 mmol) and DMAP (5 mg, 0.041 mmol) were
dissolved in THF (10 mL) and magnetically-stirred at room
temperature. After 12 h, the white precipitate was removed by
filtration, the filtrate was concentrated under reduced pressure
and the ensuing residue was subjected to flash column chrom-
atography (silica gel, 20% EtOAc/hexanes v/v) to provide HCTA
as a yellow oil (391 mg, 70% yield).

Synthesis of block copolymers from polymerizable eutectics
by one pot PET-RAFT and ROP approach. A NIPAM-CL PE was
prepared from 1:1 molar ratio mixtures of NIPAM (0.31 g,
2.7 mmol) and CL (0.31 g, 2.76 mmol) by heating at 50 °C for
0.5 h with continual magnetic stirring at 300 rpm. HCTA
(13 mg, 0.046 mmol), a DMSO stock solution of [Ru
(bpy)s(PFe),] (60 pL, 4.4 x 10> mmol) and tin(u) 2-ethylhexano-
ate (TEHA) (11 mg, 0.046 mmol) were added directly to the PE
with continual stirring until all components were dissolved.
The solution was then irradiated with blue light in a custom-
built photoreactor. Samples were withdrawn periodically for
GPC and NMR analysis. The polymerization was quenched by
removal from light, the flask opened to the air and cooled on
ice. The polymer was isolated by precipitation from THF to
hexanes and dried under vacuum.

Results and discussion

Preparation and characterization of non-ionic polymerizable
eutectics

NIPAM : CL polymerizable eutectics (PE) were prepared by
mixing NIPAM and CL at various mole ratios and heating at
50 °C for 1 h. This process is depicted in Fig. 1A. NIPAM is
solid at room temperature with melting point of 64 °C, while
CL is a liquid at room temperature with melting point —1 °C.
Upon heating these mixtures at 50 °C, clear viscous liquids
formed that remained in the liquid state even upon cooling to
room temperature.

Due to the low melting and freezing point onset of these
mixtures, the thermal properties were studied via a combi-
nation of differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). An analysis of melting (when
heated) and melt crystallization (when cooled) transitions
across separate heating and cooling DSC loops showed that
the 1:1 NIPAM : CL mixture displayed the lowest reproducible
melt onset and melt crystallization temperatures (—8.4 + 0.3 °C
and —25.6 + 0.5 °C, respectively; see Fig. 1B as well as Fig. S1,
ESIf) TGA thermograms (Fig. S2, ESIf) showed that the
NIPAM : CL 1:1 PE possessed equivalent thermal stability rela-

This journal is © The Royal Society of Chemistry 2023
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(A) Schematic overview of the preparation of NIPAM—CL based polymerizable eutectics, with a digital photograph (right) showing the result-

ing liquid at room temperature; (B) DSC thermogram (cooling rate 2 °C min~?) of the 1:1 NIPAM: CL PE (all three loops shown, data offset for
clarity); (C) onset of freezing point for NIPAM : CL mixtures at various mole fractions of CL.

tive to the individual components of NIPAM and CL. A residual
mass of ~20% was observed for the 1:1 PE, the origin of
which is unclear. For the remainder of this work we primarily
focused on the 1:1 PE. However, it should be noted that the
versatility of this system allows for other mole ratios to serve as
polymerizable systems.

To understand the hydrogen bonding network within the
PE structure, a combination of 1D and 2D '"H NMR spectro-
scopic experiments were performed consistent with our pre-
vious studies.”®*® As expected, the spectrum of the eutectic in
D,0 is identical to the spectrum of the mixed starting com-
ponents (Fig. 2A-D). This is because the supramolecular struc-
ture is destroyed in this solvent and highlights that there were
no side reactions occurring between NIPAM and CL during the
eutectic formation. Spectrum E (Fig. 2E) was obtained by
placing a D,O-filled capillary in the neat PE sample. This
demonstrated that the molecular species present in the PE are
consistent with the parent components. The spectrum exhibits
broad resonances due to the high viscosity of the eutectic,
which was measured to be 10.6 cP at 298 K, as well as a sys-
tematic downfield shift of all resonances that likely derives
from hydrogen bonding. Integration of all resonances in
Spectrum E supported the proposed 1:1 composition of the
PE (Fig. S3, ESIT). "H-"H ROESY spectra (Fig. 3A) were consist-
ent with the high level of association between NIPAM and CL.

This journal is © The Royal Society of Chemistry 2023

This is evident from the presence of off-diagonal cross-peaks
that are sufficiently close to one another to enable spin-spin
relaxation despite not being chemically bonded to one
another.

The high viscosity of the PEs were reflected in the signifi-
cant decrease of the self-diffusion coefficient D of the com-
ponents, as determined by the results of the "H DOSY NMR
experiment shown in Fig. 3B. In the 'H NMR spectrum of the
PE, the self-diffusion coefficients of NIPAM and CL were
logyo(D/m? s™1) = —10.00 + 0.06 and —9.80 * 0.01, respectively.
We have previously reported the self-diffusion coefficient of
NIPAM in D,O at this temperature to be log;o(D/m”> s7') =
—-9.1 + 0.03,"” indicating close to an order of magnitude
reduction in the diffusion coefficient within the eutectic struc-
ture. The high viscosity of the reaction medium and low
diffusion coefficient of the reacting species has implications
for polymerization kinetics (see later discussion).

Photoinduced block copolymer synthesis by simultaneous
PET-RAFT and ROP of PE. Herein we report the room tempera-
ture, solvent-free synthesis of a PNIPAM-h-PCL block copoly-
mer using our NIPAM:CL PE system and a dual-functional
initiator/chain transfer agent (HCTA). This was achieved by the
simultaneous PET-RAFT polymerization of NIPAM using
[Ru(bpy)s](PFe)>
opening polymerization (ROP) of CL catalysed by tin(u) 2-ethyl-

as a photocatalyst, in addition to the ring-

Polym. Chem., 2023,14, 2724-2733 | 2727
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hexanoate (TEHA) at ambient temperature. The HCTA pos-
sesses a terminal alcohol group (acting as the initiator for
ROP) on the R-group of the RAFT agent, which itself facilitates
the RDRP of NIPAM. During the polymerization, the PE serves
both as the monomer(s) as well as the solvent for polymeriz-
ation. The synthesis of PNIPAM-b-PCL is shown in Fig. 4A. For
simultaneous PET-RAFT and ROP polymerization a reaction
mixture with [NIPAM-CL] : [HCTA] : [TEHA] : [Ru(bpy);](PFe), =
(60:60): 1:1:0.001 was employed.

"H NMR spectroscopy was used to monitor the simul-
taneous PET-RAFT and ROP polymerization processes.
Representative "H NMR spectra are presented in Fig. S4 (ESIT),
which show the decrease in resonances at dy 4.25 ppm
(assigned to the -OCH, group within CL) and &y
5.50-6.30 ppm (assigned to the vinyl group within NIPAM). In
addition, the appearance of resonances at &y 4.15 ppm (attrib-
uted to the -OCH,, group of PCL) and &y 1.11 ppm (attributed
to the methyl groups of PNIPAM) are consistent with the suc-
cessful PET-RAFT polymerization of NIPAM and ROP of CL
from PE.

The reaction was sampled and analysed by "H NMR spec-
troscopy and GPC at various time intervals to determine both
the fractional conversion of monomer to polymer and mole-
cular weight determination. NMR spectroscopic analysis
revealed a sharp increase in monomer conversion at early time
periods (53% for NIPAM and 28% for CL after only
30 minutes), reaching a conversion of 88% and 48% for
NIPAM and CL, respectively, after 6 h (Fig. 4B). The final con-
versions were comparable when the PE was degassed with
nitrogen (78% and 44% respectively). The polymerization of
both monomers was shown to follow pseudo-first order
polymerization kinetics (see Fig. S9, ESIT). GPC analysis of the
samples in THF indicated the formation of polymers of rela-
tively low dispersity (1.22 < b < 1.41) and increasing number

0o

WSTS\HJ\O/VOH

2 s
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average molecular weight with increasing fractional conversion
(Fig. 4C and D). The M,, value (by GPC) of the polymer after
6 h reaction time was 9053 Da, which was in relatively good
agreement with the theoretical M, based on the initial
[monomers]: [RAFT] ratio and fractional conversion (9533 Da,
see ESIT). Peak assignment of the 'H NMR spectra of the iso-
lated and purified polymer (Fig. S5, ESIt) supported the suc-
cessful formation of PNIPAM-b-PCL, with relative peak inte-
gration indicating ~52 repeat units of NIPAM and ~28 repeat
units of CL within the copolymer structure (M,nxmr = 9392
Da). TGA of the copolymer (Fig. S6, ESIT) showed a small mass
loss at approximately 100-125 °C (attributed to the loss of
moisture in the sample), followed by an initial gradual loss in
the region ~150-350 °C due to the statistical chain cleavage of
the polyester chains of PCL via ester pyrolysis;®”®! rapid mass
loss in the region ~410-450 °C is attributed to the degradation
of the NIPAM units within the backbone. DSC analysis of the
block copolymer (Fig. S87) is further supportive of the block
copolymer structure with observable melting point and glass
transitions corresponding the PCL and PNIPAM blocks.
Further analysis of the polymer via FTIR spectroscopy and
DLS was used to support the PNIPAM-b-PCL structure. The
ATR-FTIR spectra (Fig. S7, ESIt) of the material showed a peak
at 1715 cm™', assigned to C=O stretching in PCL, and
PNIPAM characteristic peaks at 3306 cm™' (N-H), 1644 cm™"
(amide C=0) and 1543 cm™" (amide N-H) were also observed.
Furthermore, absorption peaks at 1387 and 2874-2973 cm™*
are consistent with methylene groups present in the PCL back-
bone.®* As a further demonstration of polymer structure, block
copolymer nanoparticles were obtained by dissolving the
material at a concentration of 5 mg mL™" in THF (a good
solvent for both PNIPAM and PCL), followed by a slow addition
of water (in eight-fold excess by volume) over a period of
twenty minutes followed by two days of dialysis against de-

3, A
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(NIPAM-CL) 472 nm LEDs, RT
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Fig. 4 (A) Schematic overview of block copolymer synthesis via the simultaneous PET-RAFT/ROP of a 1:1 NIPAM : CL PE using an alcohol-contain-
ing RAFT agent (HCTA); (B) conversion of NIPAM (red data points) and CL (blue data points) as a function of time via simultaneous PET-RAFT/ROP;
(C) evolution of M,, (unfilled data points) and dispersity (filled data points) as a function of total monomer conversion as determined by GPC; (D)
GPC chromatograms of PNIPAM-b-PCL copolymers as a function of reaction time (data scaled with respect to conversion for clarity).

This journal is © The Royal Society of Chemistry 2023

Polym. Chem., 2023,14, 2724-2733 | 2729


https://doi.org/10.1039/d3py00294b

Published on 11 mayo 2023. Downloaded by Fail Open on 7/05/2025 9:35:12 am..

Paper

ionized water to remove the THF.®® DLS analysis of the dis-
persion (Fig. 5) revealed nanoparticles of hydrodynamic dia-
meter 258 + 24 nm (PDI = 0.47) at 20 °C. The dispersion is
transparent at this temperature, and given the relative solubili-
ties of the PNIPAM and PCL in water, we posit a nanoparticle
structure with a PCL core and PNIPAM corona. Due to the
thermoresponsive behaviour of PNIPAM,** a large increase in
hydrodynamic diameter was observed (6933 + 117 nm (PDI
0.27) at 40 °C) as the temperature increased beyond the lower
critical solution temperature (LCST) of 32 °C and the dis-
persion became turbid (see Fig. 5 inset). This result is suppor-
tive of the PNIPAM-b-PCL structure given the collapse of
PNIPAM chains at the particle surface at this increased temp-
erature, similar to the work of Vandewalle et al.?

One of the major advantages of the polymerizable eutectic
concept is that the need for other solvents is obviated. In
addition, several groups (including ours) have observed large
increases in polymerization rate in eutectics compared to
the equivalent polymerizations in more common
solvents.?***%7:%% Tg that end, we performed the equivalent
PET-RAFT/ROP process of 1:1 mixtures of NIPAM and CL in a
two different solvents suitable for the preparation of this block
copolymer (THF and dioxane) at 50% w/w relative to
monomer. Over the same reaction time, the fractional conver-
sion of NIPAM and CL was considerably lower in both THF
and dioxane compared to the PE (Fig. 6). A semi-logarithmic
plot (Fig. S9, ESIf) shows that the pseudo-first order propa-
gation rate coefficient k;*" for the polymerization of NIPAM
was greater in the PE system by a factor of ~5 (in dioxane) and
3.8 (in THF). Assuming a constant rate of radical generation,
this relative rate increase is likely due to a combination of two
main factors: (i) a decrease in the bimolecular termination rate
coefficient between terminating radicals due to the high vis-
cosity of the reaction medium, and (ii) an increase in the
propagation rate coefficient, potentially due to complexation
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Fig. 5 Z-Average diameter (filled data points) and derived count rate
(unfilled data points) as a function of temperature of PNIPAM-b-PCL in
water, as determined by DLS. Inset are photographs of the sample at
20 °C (left) and 40 °C (right), respectively.
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via hydrogen bonding; this has been seen previously for mono-
mers that can hydrogen bond with the polymerization
solvent.®®®® An increase in the rate of polymerization of CL
was also observed when the PE was used in comparison to
both THF and dioxane; the rate enhancement was approxi-
mately 2.5 in both solvents. In combination, the overall
polymerization rate for the synthesis of this block copolymer is
significantly increased compared to solution polymerization,
while also achieving high total conversion of monomer to
polymer.

Given the distinct polymerization mechanisms and catalysts
used for both NIPAM and CL polymerization, the potential
orthogonality of each synthetic step is an appealing concept
for control over the reaction process. To evaluate this, we per-
formed the PET-RAFT polymerization of NIPAM in blue light
for 3 h, in the absence of any TEHA to initiate CL. The
polymerization was shown to be selective for NIPAM (42%),
whereas the conversion of CL was zero. Upon addition of
TEHA to the reaction mixture (while continuing irradiation
with blue light), the conversion of CL was 37% after a further
3 h (with NIPAM increasing to 63%, see Fig. 7A).

In the reverse case, we performed the reaction in the dark,
with all reagents (HCTA, [Ru(bpy);](PFe¢), and TEHA present.
No reaction was observed for either monomer over a period of

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Sequential polymerization of NIPAM:CL PE via PET-RAFT and
irradiation from t = O (in the absence of TEHA as ROP catalyst), followed
present), followed by blue light irradiation after t = 3 h.

3 h. Upon blue light irradiation, both monomers were success-
fully polymerized (NIPAM = 77%, CL = 29%, see Fig. 7B). Thus,
NIPAM was able to be successfully polymerized in an orthog-
onal fashion within our PE systems, whereas CL polymeriz-
ation could only be achieved in the presence of blue light
irradiation. The fundamental mechanistic basis of these obser-
vations remains unclear, however, we postulate that the TEHA
may not effectively generate an alkoxide for the ROP of CL in
the absence of blue light. Future work will focus on under-
taking a dedicated, extensive study to better understand this
nuance, as part of broader investigations that will look to
develop a NIPAM and CL copolymerization that operates with
complete orthogonality.

Conclusions

In this work, we report the first preparation and characteriz-
ation of a binary polymerizable eutectic (PE) based on com-
ponents that are amenable to two distinct mechanisms of
polymerization. These PEs, which were viscous liquids at room
temperature, were used as the precursor to prepare block copo-
lymers via the simultaneous RAFT and ring-opening polymer-
ization (ROP) of NIPAM and CL using a bifunctional initiator/
chain transfer agent. This process was achieved at room temp-
erature under relatively benign conditions, utilizing the
PET-RAFT process to polymerize NIPAM in the presence of
[Ru(bpy);(PFs),] and blue light, in addition to tin 2-ethylhexanoate
(TEHA) to initiate the ROP process. Polymers of relatively low
dispersity were formed that showed an increase in number
average molar mass with conversion, as anticipated. The sim-
ultaneous polymerization of NIPAM and CL within the PE

This journal is © The Royal Society of Chemistry 2023
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ROP mechanisms to generate PNIPAM-b-PCL copolymers. (A) Blue light
by addition of TEHA after t = 3 h; (B) system kept in the dark for 3 h (TEHA

exhibited significantly enhanced polymerization kinetics com-
pared to the equivalent polymerizations in common organic
solvents, highlighting a major benefit of this approach com-
pared to currently established techniques. Given the simplicity
of preparing these polymerizable eutectics, a one-pot (one-
step) block copolymer synthesis pathway is realised, albeit in
the presence of appropriate catalysts for each polymerization
mechanism. We envisage that they will represent a convenient
method to prepare composite materials based on both radical
and ring-opening polymerization in the absence of any added
solvents.
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