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We report the synthesis of three methylamide acrylate monomers with varying spacer length between the
polymerizable acrylate and pendant amide functionalities; methylamide ethyl acrylate (MAmMEA), methyl-
amide propyl acrylate (MAMPA) and methylamide butyl acrylate (MAmMBA). Each monomer was sub-
sequently polymerised via redox-initiated reversible addittion-fragmentation chain transfer (RRAFT) to
yield well-defined homopolymers with differing physicochemical properties. All homopolymers were
found to be amorphous, and thermally degrade via a two-step decomposition process. Whilst P(MAmMEA)
and P(MAmMPA) were found to be soluble in aqueous solution between 30-80 °C, P(MAmMBA) showed a
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lower critical solution temperature (LCST) behaviour. Detailed aqueous solubilty studies performed on
P(MAmMBA) revealed that the cloud point temperature (Tp) could be tuned based on the degree of poly-
merisation (DP,), concentration and nature of the aqueous media, highlighting its potential use as a

rsc.li/polymers water-soluble, thermoresponsive polymer in a range of applications.
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Introduction

The development and discovery of novel water-soluble poly-
mers is fundamental to the progression of a plethora of indus-
tries including pharmaceuticals, water treatment, cosmetics
and agriculture.'™ Water-soluble polymers can be classified
into two categories based on their source; natural and syn-
thetic. Whilst naturally sourced water-soluble polymers have
been utilised for decades due to their high availability and bio-
degradation, recent advances in reversible deactivation radical
polymerisation (RDRP) techniques have facilitated the syn-
thesis of well-defined polymers with excellent control over
their molecular weights and physicochemical properties,®”®
enabling the production of a wide range of functional, biocom-
patible, water-soluble polymers which have a range of
applications.>* Furthermore, polymers which alter their
physicochemical properties in response to changes in their
local environment are especially significant. These materials
are typically referred to as ‘smart’ polymers and previously syn-
thesised examples have been responsive to numerous stimuli
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such as temperature,’®"® pH''? and light.">'® The most
studied ‘smart’ polymers are temperature-responsive, typically
referred to as thermoresponsive polymers. Thermoresponsive
polymers are found to change their solubility in water at elev-
ated or decreased temperatures due to conformational changes
in the polymeric structure. The temperature at which confor-
mational changes occur is referred to as the transition tempera-
ture. Thermoresponsive polymers thus display one of two tran-
sitions, or a combination of both: lower critical solution temp-
erature (LCST) or upper critical solution temperature (UCST).
Polymers displaying LCST behaviour are miscible in water and
subsequently phase separate above the transition temperature.'”
Conversely, polymers displaying UCST behaviour are insoluble
in water and subsequently solubilise above the transition temp-
erature.'® The most widely reported water-soluble polymer that
exhibits an LCST behaviour is poly(N-isopropylacrylamide)
(PNIPAm) owing to its rapid phase transition in water at 32 °C,
which is significant for applications at physiological
conditions."?° However, in this context, the significant hyster-
esis that occurs during PNIPAm’s phase transitions®" coupled
with observed platelet adhesion*” and low blood compatibility**
has resulted in the need for alternative biocompatible thermo-
responsive polymers with LCST behaviour.

Well-studied alternatives include poly(ethylene glycol)
(PEG),>*** poly(N-vinyl-2-pyrrolidone) (PVP),>**” and poly(2-
oxazoline) (POx)*® derivatives which all are non-ionic in nature
and contain similar structural motifs. These polymer classes
all possess hydrophilic functionalities in the polymer side

This journal is © The Royal Society of Chemistry 2023
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chain, which permit intramolecular and intermolecular hydro-
gen-bonding through, e.g. oxy-ether, amine, carbonyl and
amide moieties. The magnitude of hydrogen-bonding afforded
by these moieties will directly influence the temperature of the
observed LCST.

An exciting new candidate is the recently resurrected
polymer class of poly(amide acrylate)s (P(AmA)s), which
contain secondary amide functionalities in their side chains.
To date, the primary research focus into these materials has
been the synthesis of electroactive polymers with self-healing
properties.>! A very recent study on P(AmA)s, which focused
specifically on P(AmA)s that possess an ethyl spacer between
the polyacrylate backbone and the amide functionality demon-
strated their controlled (co)polymerisation via redox-initiated
reversible addition fragmentation chain-transfer (RRAFT) poly-
merisation, which allowed to tailor their physicochemical pro-
perties.*> Importantly, it was shown that the type of alkyl
amide functionality determines their water-solubility with poly
(methylamide ethyl acrylate) (P(MAmMEA)) being soluble over
the measured temperature range, whilst poly(ethylamide ethyl
acrylate) (P(EAmEA)), exhibited LCST behaviour. First cellular
interaction studies of these polymers revealed their cytocom-
patibility and tuneable cellular association/uptake making
them highly interesting candidates for future biomedical
applications.

In the present study, we aimed to further explore this
polymer class and investigate the effect of the spacer length
between the polymer backbone and the amide functionality on
the water-solubility of the resulting P(AmA)s. To achieve high
water-solubility the spacer length was varied from ethyl to butyl
while the methylamide motif was selected for all systems.
Homopolymers of two known monomers (MAmMEA and
MAmMPA) were prepared in conjunction with that of a previously
unreported monomer, methylamide butyl acrylate (MAmBA). All
monomers were synthesised in high purity and subsequently
polymerised via RRAFT polymerisation with high monomer con-
version. All homopolymers exhibited high aqueous solubility at
ambient conditions with varying temperature-responsivity at
elevated temperatures. In contrast to P(MAmMEA) and
P(MAmPA), P(MAmBA) was found to show an LCST behaviour
further highlighting the tuneability of this polymer class
through simple alterations of the polymer structure.

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich and used
without further purification unless otherwise stated. Dialysis
tubing (molecular weight cut-off, MWCO = 1 kDa) was pur-
chased from Repligen. 2-(((Butylthio)carbonothioyl)thio) pro-
pionic acid (BCTP) was purchased from Boron Molecular.
Deuterated chloroform (CDCl;) and deuterated water (D,O)
were purchased from Cambridge Isotope Labs. MAMEA,
P(MAmMEA) and MAmPA were synthesised according to
literature.>%3>
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Characterisation equipment

Nuclear magnetic resonance (NMR) spectroscopy of all
samples were performed using a Bruker AVANCE III HD
400 MHz spectrometer at 25 °C running Bruker Topspin
Software. Samples were prepared using CDCl; or D,O. The
spectra were processed via MestReNova software. Size exclu-
sion chromatography (SEC) analysis of polymer solutions was
performed using an Aglient 1260 Infinty II-MDS instrument
equipped with differential refractive index (DRI), viscometry
(VS), dual angle light scatter (LS) and multiple wavelength UV
detectors. The system was equipped with 2x PLgel Mixed-D
Columns (300 x 7.5 mm) and a PLgel 5 pm bead-size guard
column. Dimethylformamide (DMF) with 5 mM NH,BF, was
used as the eluent where samples were run isocratically at
1 mL min™" at 50 °C. Poly(methyl methacrylate) standards
(PMMA; 0.55-955 kg mol™") were used for calibration. Analyte
samples were filtered through 0.2 pm poly(tetrafluoroethylene)
(PTFE) filters prior to injection. Experimental number average
molecular weights (M, sec) and dispersity (Py) values of
samples were determined on Agilent GPC/SEC software.
Fourier transformed infrared spectroscopy (FT-IR) of all
samples were performed using an Agilent Cary 630 FT-IR
spectrometer with a diamond attenuated reflection cell.
Thermogravimetric analysis (TGA) was carried out on a TA
Instruments TGA with autosampler, under nitrogen flow
(50 mL min~") at a heating rate of 10 °C min~". Samples were
heated from 40 °C up to 1000 °C in 90 pL alumina pans.
Differential scanning calorimetry (DSC) was carried out on a
TA Instruments DSC with autosampler, under nitrogen flow
(50 mL min~") at a heating rate of 10 °C min~". Samples were
heated from —75 °C to 150 °C at a rate of 10 °C min~", cooling
at 10 °C min™". Two cycles were performed using 40 pL alu-
minium pans and the second heating cycle of each sample was
used to determine their glass-transition temperature (Tj).
Turbidity measurements were performed using an Agilent
Cary 60 UV-Vis spectrophotometer connected to a Quantum
Northwest TC 1 temperature controller. All polymers were
measured using the following conditions: wavelength, 600 nm;
ramp, 1 °C min~"; measurement wait time, 1 s; measurement
interval, 0.1 °C. All cloud point temperatures (7c,) recorded
were determined on the 2™ heating cycle of each respective
polymer solution. Water contact angle (CA) measurements
were conducted at room temperature using a Kriiss drop shape
analysis system DSA100 equipped with a movable sample table
and microliter syringe. Each polymeric film was produced by
spin coating 500 pL of a polymer solution (10 mg ml™", MeOH)
onto a clean glass slide for 5 min at 800 rpm using a Polos
SPIN150i spin coater. Deionized water was used as the wetting
liquid and the drop size was set to 3 pL. Polymeric films were
placed onto the sample table and aligned within the field of
view of the camera. The sample table was heated using a Kriiss
temperature control unit TC40 to either 25 °C or 75 °C. The
microliter syringe was advanced until a droplet of 3 pL was
formed at a rate of 3 uL s™' then subsequently suspended at
the end of the syringe needle. The sample table was then elev-
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ated, until the sample touched the bottom of the drop,
causing it to detach from the end of the needle and form on
the surface. The sample table was then moved back to the orig-
inal position and an image immediately recorded. The base-
line and contact angles were then computed from the image.
This process was repeated five times for each sample and the
reported values are the average taken from the repeat
measurements.

Monomer synthesis
Synthesis of methylamide butyl acrylate, MAmBA

Acetic anhydride (6.30 g, 61.7 mmol, 1.1 eq.) was added drop-
wise to a suspension of aluminium oxide (~5.0 g) and
4-amino-1-butanol (5.00 g, 56.1 mmol, 1.0 eq.) at 0 °C. The
reaction mixture was stirred at room temperature for 10 min
before removal of the aluminium oxide by filtration. After
additional rinsing of the aluminium oxide with ethyl acetate,
the organic phases were combined and the solvent was
reduced in vacuo and dried over airflow yielding the product
methylamide-1-butanol, MAmBOH, as a yellow oily liquid.
Yield = 75%. 'H NMR (400 MHz, CDCl,): & = 5.84 (Hg), 3.67
(Hy), 3.28 (Hg), 1.96 (H,), 1.60 (Heg); °C NMR (400 MHz,
CDCly): 6 = 174.54 (Cp), 61.91 (Cy), 39.47 (Cq), 29.67 (Ce), 25.96
(Ce), 23.01 (Cyp); FT-IR: ecm™ = 3290 (N-H), 1630 (NH-C=O0).
Acryloyl chloride (3.79 g, 41.9 mmol, 1.1 eq.) was then added
dropwise to a solution of MAMBOH (5.0 g, 38.1 mmol, 1.0 eq.)
and triethylamine (5.01 g, 49.6 mmol, 1.3 eq.) in anhydrous di-
chloromethane (50 mL) at 0 °C. The resulting mixture was
allowed to come to room temperature, and stirring was contin-
ued for 16 h. Upon removal of the solvent, the crude was puri-
fied by flash column chromatograph (EtOAc/MeOH, gradient
of 1-5% MeOH). The product MAmMBA was obtained as a col-
ourless liquid. Yield = 64%. "H NMR (400 MHz, CDCl,): § =
6.37 (Hg), 6.11 (Hy), 5.84 (Hg), 5.61 (H,), 4.17 (H.), 3.27 (Ha),
1.97 (Hy), 1.69 (Hy), 1.59 (H;); "*C NMR (400 MHz, CDCl,): § =
170.41 (Cyp), 166.30 (Cr), 130.84 (Cg), 128.40 (Cg), 64.10 (Ce),
39.16 (Cq), 26.14 (Cp;), 23.20 (C,); FT-IR: cm™" = 3300 (N-H),
1720 (O-C=0), 1650 (NH-C=0), 1180 (C-0O), 810 (C=C).

Monomer self-association constant (K,) studies

"H NMR spectra of monomers were recorded at [M] = 2.0 M,
1.0 M, 0.5 M, 0.2 M, 0.1 M, 0.05 M and 0.01 M. Samples were
prepared via serial dilution of a 2.0 M stock solution of each
monomer in dry CDCl;. A literature model was used to deter-
mine self-association constants (K,) (eqn (S1)t).*

Polymer synthesis

Synthesis of poly(methylamide acrylate) homopolymers by
RRAFT

P(MAmBA)y, was synthesised using the following method as a
representative example:
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MAmBA (300 mg, 1.62 mmol), BCTP (3.86 mg, 16.2 pmol)
and AsAc (0.36 mg, 2.0 pmol) were added to a reaction vial
equipped with a magnetic stirrer bar dissolved in deionized
H,0 and 1,4-dioxane. The mixture was deoxygenated by bub-
bling with nitrogen for 15 min. In parallel, an aqueous stock
solution of tBuOOH was deoxygenated. An aliquot of the latter
(0.37 mg, 4.0 pmol) was added to the reaction vial vig a nitro-
gen-purged syringe (IM] : [CTA] : [tBuOOH] : [AsAc] =
100:1:0.25:0.125). The resultant mixture was subsequently
placed in a water bath at 25 °C for 24 h. 'H NMR and SEC
samples were taken to determine the conversion of the poly-
merisation and the molecular weight of the crude polymer,
respectively. The resultant homopolymer was purified via dialy-
sis (MWCO = 1 kDa) against Milli-Q water for two days. The
purified product was isolated by lyophilisation as a white fluffy
solid. Conversion: 99%. Yield = 70%. "H NMR (400 MHz, D,0):

= 4.13 (Hyp), 3.22 (H.), 2.33 (H,), 2.00 (H.), 1.69 (Hg), 1.59
(Hy); °C NMR (400 MHz, D,0): § = 176.34 (C¢), 173.28 (Cp),
65.07 (Cy), 38.88 (Cg), 25.57 (Cn), 25.22 (Cj), 21.94 (Cg); FT-IR:
em™ = 3280 (N-H), 1730 (O-C=0), 1640 (NH-C—=0), 1160 (C~
O). Further synthetic detail related to Poly(methylamide acry-
late) (P(MAmA)) homopolymers is provided in Table S1.}

Results and discussion
Monomer synthesis

Three methylamide acrylate monomers with varying spacer
lengths between acrylate and amide functionalities were syn-
thesized; MAmMEA, MAMPA and MAmMBA. MAMEA and MAmMPA
were synthesised according to literature and MAmBA was syn-
thesised using an equivalent method.***> Each monomer was
synthesised in a two-step procedure with the first step invol-
ving the amidation of a chosen alcohol amine using acetic
anhydride (Fig. S1Af). 'H NMR analysis of MAmMBOH
(Fig. S1BfY) illustrated the introduced methyl protons (H,) at
1.98 ppm whilst **C NMR analysis displayed the amide signals
C, and Cp, at 23.01 ppm and 174.54 ppm respectively
(Fig. S1Cft). Furthermore, FT-IR analysis showed the appear-
ance of amide N-H and C=O stretches at 3290 cm™' and
1630 cm ™' respectively (Fig. S1D7). The second step involved
the esterification of the terminal alcohol functionality with
acryloyl chloride (Fig. 1A). Purification via flash column
chromatography was optimized using an EtOAc/MeOH mobile
phase to yield highly pure monomers. '"H NMR analysis of
MAmBA illustrated the introduced amide protons (H.) at
5.61 ppm and vinyl protons (Hg) between 5.8-6.4 ppm
(Fig. 1B). "*C NMR analysis confirmed MAmBA synthesis via
the introduced acrylate signals at 128.40 ppm (C,), 130.84 ppm
(C,) and 166.30 ppm (C¢) (Fig. S2AT). Furthermore, the success
of the reaction was confirmed via FT-IR spectroscopy
(Fig. S2Bt), which showed the appearance of ester C=0 and
C-O stretches at 1720 cm ™' and 1180 cm ™" respectively as well
as a vinyl C=C stretch at 810 cm™".

Further "H NMR analysis of the secondary amide (R-NH-R')
proton environment of each monomer (H,) revealed a relation-

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (A) Synthesis pathway of monomers; (B) 'H NMR spectra
(400 MHz, CDClz) of MAMEA, MAMPA and MAMBA; (C) Concentration-
dependent change in chemical shift of H. of MAMEA (K, = 0.64 M),
MAmMPA (K, = 0.52 M%) and MAmBA (K, = 0.38 M~ in CDCls. Dashed
lines were added as visual aids.

ship between monomer concentration and its chemical shift
value. This finding is consistent with previous literature on
MAmPA, which reported that this phenomenon is due to inter-
molecular hydrogen-bonding interactions.?® In dry organic sol-
vents such as CDCl;, increasing monomer concentration can
induce dimerization. Consequently, in "H NMR spectroscopy,
H. will be observed at a higher chemical shift value if hydro-
gen-bonding between dimers is present. Conversely, H. will be
observed at a lower chemical shift value if the magnitude of
hydrogen-bonding is decreased. The chemical shifts deter-
mined for MAmMBA were consistently lower than for MAmMEA
and MAmPA at any given concentration (Fig. 1C, Fig. S3-57).
Thus, this indicates weaker intermolecular hydrogen-bonding
in methylamide acrylate monomers with increased spacer
length between amide and acrylate functionalities. This trend
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follows the order of conformational flexibility of methylamide
acrylate monomers as increasing spacer length between acry-
late and amide functionalities entropically disfavours dimeri-
zation.>® This was confirmed via self-association constant (K,)
determination using a literature model (Fig. 1C, eqn (S1)f)
which proved MAmMBA to possess the lowest K, (0.38 M™).
Moreover, all K, values reported were within the expected
range of other methylamide acrylates.*

Polymer synthesis and characterisation

RRAFT polymerisation was used to synthesise P(MAmA) homo-
polymers (Fig. 2A) in accordance to previous literature.’> A
library of homopolymers were synthesised with varying
degrees of polymerisation (DP,,) using BCTP as the chain trans-
fer agent (CTA) and AsAc/tBuOOH as the redox pair. '"H NMR
and SEC characterisation of the purified products confirmed
the successful synthesis of well-defined P(MAmA)s with low
molar-mass dispersities (Py; < 1.18) and high monomer con-
version obtained for all polymerisations (>95%) (Fig. 2B, C and
Table 1). *C NMR analysis confirmed successful polymeris-
ations via introduction of signal C, at 65 ppm (Fig. S67).

Thermal properties in bulk

Previously, the thermal properties of P(MAmMEA) were investi-
gated by TGA and DSC, which revealed a stepwise decompo-
sition and a T, around room temperature, respectively.*” Here,
TGA and DSC analyses were performed for P(MAmMPA),, and
P(MAMBA)qs.

TGA analysis illustrated two significant weight loss tran-
sitions of approximately 45 wt% for each of them (Fig. 3A).
The first stepwise decomposition is observed with an onset
temperature of 260 °C and 280 °C for P(MAmPA)y, and
P(MAmBA)y, respectively, attributed to ester bond cleavage in
the polymeric repeating unit. The second stepwise decompo-
sition is observed with an onset temperature of 375 °C and
380 °C for P(MAmPA),; and P(MAmBA)y, respectively, corres-
ponding to the polymer backbone breakdown. For each weight
loss transition, P(MAmMBA)qe showed the highest onset temp-
eratures. Therefore, the thermal stability of P(MAmA)s can be
enhanced by increasing the spacer length between functional-
ities. DSC analysis of P(MAmMPA)y; and P(MAmMBA),, (Fig. 3B)
revealed their amorphous character with T, values being
observed, which are high relative to other polyacrylates.**>*
Amongst them, P(MAmBA)y, was found to have the lowest T,
value. An increase in chain mobility and simultaneous
decrease in T, was observed upon increasing spacer length
between functionalities of P(MAmA)s. This trend compliments
the data in Fig. 1C as P(MAmMBA)o,’s low T, is due to a lower
magnitude of intermolecular hydrogen-bonding, and higher
side chain flexibility. Furthermore, this trend is significant as,
in conjunction with TGA analysis, T, and thermal properties of
P(MAmA)s can be tuned as a function of the polymer side
chain structure.

Polym. Chem., 2023, 14, 2054-2062 | 2057
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Fig. 2 (A) Synthesis pathway of homopolymers; (B) *H NMR spectra of
P(MAmMEA)1900, P(MAmMPA)g; and P(MAmMBA)ys; (C) SEC traces of
P(MAMEA);00 (M, = 20 000, Dy = 1.10), P(MAMPA)g7 (M, = 23900, Dy =
1.17) and P(MAmMBA)gs (M,, = 22700, Dy = 1.12).

Aqueous solubility: lower critical solution temperature (LCST)
behaviour

Kempe et al, previously reported the solubility of
P(MAmMEA),,, in phosphate-buffered saline (PBS) (5.0 mg ml™,
pH 7.4), which proved to be soluble over a temperature range
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of 10-90 °C.3> However, they also found that the substitution
of the methyl amide (P(MAmMEA),,,) with ethyl amide groups
(P(EAmEA), ) while keeping the spacer length constant led to
a LCST behaviour. Here, P(MAmMEA);qo, P(MAmMPA)y; and
P(MAmMBA)y, (5.0 mg ml™', PBS pH 7.4) were compared to
investigate if increasing spacer length between amide and acry-
late functionalities of P(MAmA) homopolymers had an effect
on the thermoresponsive behaviour of these polymers. Whilst
P(MAmEA),,, and P(MAmPA),, were found to be soluble over a
temperature range of 30-80 °C, P(MAmMBA)qo exhibited a LCST
behaviour with a T., of 52.8 °C, confirming that thermo-
responsive P(MAmA)s can be synthesised (Fig. 4, Table S27).
This data compliments the preceding monomer self-associ-
ation data in Fig. 1C as the aqueous solubility of P(MAmA])s is
heavily correlated to the alkyl spacer length between function-
alities and the associated magnitude of intermolecular hydro-
gen-bonding. Furthermore, one can propose that if methyl-
amide acrylate monomers possess K, values greater than 0.52
M~ in CDCl;, as shown in MAmMEA and MAmPA, their resul-
tant homopolymers (DP,, ~ 100) will exhibit excellent aqueous
solubility. Conversely, if methylamide acrylate monomers
possess K, values lower than 0.38 M™" in CDCl,, as present in
MAmBA, their resultant homopolymers will exhibit reduced
aqueous solubility at elevated temperatures thus giving rise to
thermoresponsive polymers which display LCST behaviour.
This is likely due to the aforementioned increased confor-
mational flexibility of MAmMBA, which facilitates P(MAmMBA) to
undergo a coil-to-globule transition at elevated temperatures
via an entropy increase. Moreover, a combination of increased
intermolecular hydrophobic interactions between P(MAmBA)
side chains, and simultaneous reduced solvation of P(MAmMBA)
side chains with water result in the polymer crashing out of
solution.>® These results demonstrate that increasing the
spacer length has a less pronounced effect on the aqueous
solubility compared to changing the peripheral amide group
of the side chain, as P(EAMEA);,, shows a T, of 26.6 °C in
identical conditions.*

To further investigate the thermoresponsive and LCST
behaviour of P(IMAmBA), a series of turbidity experiments was
performed on P(MAmBA) solutions to investigate the effect of
DP,, concentration and media on observed T,’s. Previous lit-
erature has found that lowering the DP, of thermoresponsive
polymers directly corresponds to a decrease in their observed
T.p.>” Furthermore, altering both concentration®” and media®®
of the polymer solutions has been found to have similar
effects. Notably, these observations are consistent with
PNIPAm which similar to P(MAmMBA) possesses a side-chain
pendant amide functionality.>*™*?

To investigate the effect of DP, on T, P(MAmMBA) was syn-
thesised at four different DP,, (DP, = 25, 48, 99, 190). "H NMR
and SEC analysis confirmed successful synthesis of these
homopolymers (Table 1, Fig. S7f). Each homopolymer was
subsequently dissolved in PBS to produce 5 mg ml ™" solutions,
which were analysed via turbidity measurements over a temp-
erature range of 30-80 °C. Of the four solutions; P(MAmMBA); o,
P(MAmBA)o, and P(MAmBA),g displayed T, values of 39.6 °C,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Characterisation of the synthesised homopolymers

Sample Target DP,  Conversion (%)  Actual DP,* M, ¢”(gmol™) M, s’ (gmol™)  By° T2 (°C) T’ (°C)
P(MAMEA) o0 100 100 100 16 000 20 000 1.10 N.d. —
P(MAmMPA),;, 100 97 97 16 800 23900 1.17 20.1 —-—
P(MAMBA),5 25 100 25 4900 8200 1.12 8.9 -
P(MAmMBA) 5 50 96 48 9100 13 800 1.12 11.1 66.0
P(MAmMBA)go 100 99 99 18 600 22700 1.11 14.0 52.8
P(MAMBA);00 200 95 190 35400 46 300 1.12 N.d. 39.6

“Calculated by "H NMR (D,0, 400 MHz) from target DP, and conversion. ” Calculated from DP, and molar masses of monomers and CTA.
° Determined by SEC (eluent : DMF, calibration standard : PMMA). ¢ Determined by DSC (second heating run). ¢ Cloud point temperature (5 mg

ml™, PBS) in the temperature range 30-80 °C. n.d. = not determined.

A 100 B
80
I 604
£
2
2 404
-25 0 25 50 75
204 Temperature (°C)
=== P(MAMPA),q,
= P(MAMBA), s
0 T T T T 1
0 200 400 600 800 1000

Temperature (°C)

Fig. 3 (A) TGA traces of P(MAmMPA)s; and P(MAmMBA)go; (B) DSC
measurements of P(MAmMPA)g; (Tg = 20.1 °C) and P(MAmMBA)g (T4 =
14.0 °C).

52.8 °C and 66.0 °C respectively whilst P(MAmMBA),5; was
soluble over the temperature range investigated (Fig. 4A,
Table 1). This data not only suggests homopolymer T, can be
lowered by increasing side chain length, concordant with pre-
vious literature,’”*° but that there is a critical chain length
required for LCST behaviour to be observed for P(IMAmMBA); 25
< DP,, < 48. Furthermore, increasing P(MAmBA) M,, was shown
to have a greater effect on observed T, values than PNIPAm.
This was evident by comparing the preceding data to studies
by Stover et al., which showed increasing PNIPAm M,, from
2800 g mol™" to 26500 g mol ' only reduced observed T,
values by ~10.0 °C.*°

To investigate the effect of concentration on T¢p, solutions
of P(MAmMBA)y, were prepared in PBS at three concentrations;
5mg ml™', 1 mg ml™" and 0.1 mg ml™". Lowering the concen-
tration from 5 mg ml™" to 1 mg ml™" resulted in a slight
increase of T.y’s from 52.8 °C to 57.2 °C (Fig. 4A, Table S27).
Furthermore, the steepness of the sigmoidal trace observed
lowered upon dilution, indicating the phase transition of
P(MAmMBA)yy occurs over a wider temperature range at lower
concentrations. Upon further diluting the P(MAmBA)qo solu-
tion to a concentration of 0.1 mg ml~", macroscopic precipi-
tation was not observed over the measured temperature range,
indicating LCST behaviour is either not observed at this con-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Turbidity measurements of (A) PBS solutions of P(MAmMBA) of
different DPn and concentrations; and (B) P(MAmMBA)ys solutions in
different media (5 mg ml™).

centration or occurs at temperatures >80 °C (Fig. 4A,
Table S21). Therefore, increasing the concentration of
P(MAmBA) in solution directly lowers its observed T, which
is consistent with previous literature on thermoresponsive
polymers.”” Moreover, the effect of concentration on
P(MAmBA)yy aqueous solubility is much more pronounced
than on PNIPAm, where increasing concentration from 1 mg
ml™' to 50 mg ml™" was only found to reduce observed T,

values by ~2.0 °C.*°
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Subsequent turbidity measurements were performed on
solutions of P(MAmMBA)o, (5 mg ml ™) in three different media
to investigate the effect of salts present in aqueous solutions
on Tp; Milli-Q water, PBS and 0.137 M sodium chloride (NaCl)
(Fig. 4B, Table S27). A 0.137 M NacCl solution was prepared due
to its equal molarity to that of the PBS solution used to investi-
gate the sole effect of NaCl on P(MAmBA) solubility. T, values
of 65.8 °C, 59.6 °C and 52.8 °C were observed for Milli-Q water,
0.137 M NaCl and PBS solutions respectively (Fig. 4B,
Table S21). The Milli-Q water solution displayed the highest
Tp of the three solutions (65.9 °C), indicating the presence of
salts in aqueous solutions of P(MAmMBA)ye has a pronounced
effect on its solubility. This is consistent with previous
research on the influence of salts on polymer-water inter-
actions, as summarised by the Hofmeister series.*"**™*> salt
effects the hydrogen-bonds between polymer chains and water
molecules thus LCST behaviour can be affected. This was
exemplified as the T, value of the 0.137 M NaCl solution
(59.6 °C) was lower compared to the Milli-Q water solution
(65.8 °C), indicating an aqueous solution of 0.137 M Nacl pro-
vides sufficient salt to disrupt hydrogen-bonds between polar
groups of P(MAmBA)y, side chains and water molecules at
elevated temperatures.’® This observation is consistent with
previous literature on other thermoresponsive poly(acrylate)s,
which stated increasing the concentration of NaCl in aqueous
solutions directly reduces their measured LCST values.”
Moreover, the differences in T, values between the 0.137 M
Nacl solution (59.6 °C) and the PBS solution (52.8 °C) can be
attributed to the magnitude of the salting-out effect present.
This is because the PBS solution used is comprised of four
salts; 0.002 M dipotassium phosphate, 0.008 M disodium
phosphate, 0.0027 M potassium chloride and 0.137 M NacCl.
Therefore, the increased salt content in PBS further disrupts
P(MAmBA)yo-water interactions relative to 0.137 M NacCl,
resulting in a lower T.,. Moreover, increasing salt content was
found to have larger effect on P(MAmMBA)’s observed T, value
than PNIPAm. This is because 0.2 M Hofmeister ion solutions
of PNIPAm have proved to only reduce T, values by <5.0 °C
relative to their salt-free solutions, irrespective to M;.*"*

Overall, the series of turbidity measurements performed
proved that one can utilise a number of variables (DP,,, concen-
tration and media) to tune the T, of thermoresponsive
P(MAmA)s to a desired application. Moreover, the magnitude
of hydrogen-bonding (K,) of methylamide acrylate monomers
directly influences the aqueous solubility of their corres-
ponding homopolymers.

Surface property analysis

To further investigate the hydrophilicity of the synthesised
P(MAmA)s (DP, ~ 100), surface property analysis was per-
formed via water contact angle (CA) measurements. Polymeric
films of each homopolymer were prepared on glass slides
using a spin-coating methodology to prepare uniform films.
P(MAmMEA); 4o, P(MAMPA)y; and P(MAmMBA),, displayed water
contact angles at ambient temperature (25 °C) of 11.0 + 0.2°,
11.6 + 0.3° and 12.0 + 0.5° respectively (Fig. 5A), confirming
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Fig. 5 (A) Water contact angle images of P(MAmMEA);g0, P(MAMPA)g;
and P(MAmBA)gy at 25 °C; (B) water contact angle images of
P(MAmEA)loo, P(MAmPA)97 and P(MAmBA)gg at 75 °C.

their hydrophilic nature compared to a control (uncoated glass
slide, 59.0 + 2.7°, Fig. S87).

Whilst all polymeric films exhibited similar contact angles
at ambient temperature, this procedure was repeated at an
elevated temperature (75 °C) to further investigate the thermo-
responsive behaviour of P(MAmA)s. At 75 °C, P(MAmMEA);,,
P(MAmMPA),; and P(MAmMBA),, displayed water contact angles
of 11.5 + 0.3°, 12.2 + 0.5° and 22.2 + 0.8° respectively (Fig. 5B).
Therefore, only P(MAmBA) exhibited a significant increase
(+10.2°) in observed contact angles at elevated temperatures,
further confirming its thermoresponsive nature compared to
P(MAmMEA) and P(MAmPA). Moreover, this data indicates
increasing spacer length between the polymer backbone and
amide functionality decreases the magnitude of hydrophilicity
observed for P(MAmA)s, concordant with our aqueous solubi-
lity measurements.

Conclusions

In summary, we report the successful synthesis of three
methylamide acrylate monomers with varying spacer lengths
between functionalities, and their subsequent RRAFT poly-
merisations to yield well-defined P(MAmA) homopolymers
(conversion > 95%, D, < 1.17). The magnitude of inter-
molecular hydrogen-bonding in these monomers was assessed
whereby the monomer with the largest spacer length between
functionalities, MAmMBA, was found to possess the lowest K,
(0.37 M™"). Thermal analysis proved all homopolymers to be
amorphous in nature with high glass-transition temperatures
observed (T, > 14.0 °C) relative to other polyacrylates.***®
Furthermore, P(MAmMBA)qy possessed the lowest T, attributed
to higher flexibility and lower hydrogen-bonding between
polymer side chains. Each homopolymer was found to ther-
mally degrade via a two-step decomposition whereby increas-
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ing spacer length corresponded to an increase in observed
onset decomposition temperatures. Aqueous solubility analysis
of the synthesised homopolymers revealed P(MAmMBA) to be
the only homopolymer which exhibited LCST behaviour, com-
plimenting preceding monomer self-association data. Further
investigation into P(MAmBA)’s solubility behaviour found an
increase in concentration and DP, directly correlates to a
decrease in observed T, values. Moreover, the presence of
salts in aqueous solutions was found to have a pronounced
effect on P(MAmBA) solubility. These findings prove the spacer
length between functionalities in methylamide monomers has
significant influence on the thermal properties and aqueous
solubility of their corresponding homopolymers with the
potential to induce LCST behaviour. This is highly interesting
in the context of synthesising novel water-soluble thermo-
responsive  polymers  for  biomedical  applications.
Furthermore, the high thermal stability of P(MAmMBA) coupled
with its facile T, tunability relative to PNIPAM make the
homopolymer a promising candidate which justifies further
exploration.
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