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Polymers from sugars and unsaturated fatty acids:
ADMET polymerisation of monomers derived from
p-xylose, b-mannose and castor oilf
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o,w-Unsaturated glycolipids derived from natural monosaccharides p-xylose and p-mannose, and from a
castor oil derivative, 10-undecenoic acid, were synthesised and polymerised via acyclic diene metathesis
(ADMET), using Grubbs second generation catalyst. The synthesis of these polymers, which combine a
rigid isopropylidene-functionalised carbohydrate core with flexible unsaturated aliphatic chains, was
confirmed by NMR spectroscopy and size exclusion chromatography (SEC). The effect of different para-
meters on the polymerisations were investigated, including temperature, catalyst loading, absence/pres-
ence of solvents, effect of a molecular weight moderator and mixing technique. Polyesters with high
molecular weights (up to 71 kg mol™) could be obtained in elevated yields (85%). These amorphous poly-
mers were highly thermally (up to 355 °C) and hydrolytically (pH 7, 0, 14) stable, and showed relatively low
glass transition temperatures (—28 to —8 °C), imparted by the flexible fatty acid chain. Deprotection of
ketal groups on the polymer backbone was possible up to 72% and changed the material properties,
leading to partial crystallinity and insolubility. These partially deprotected polymers allowed the pro-
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Introduction

The widespread and misguided use of oil-derived plastics is
known to be causing a number of problems, namely environ-
mental pollution, greenhouse gas emission and fossil
resources depletion. To tackle these challenges, one solution
may be the development of renewable (biobased) polymers
with targeted chemical and/or biological degradability.

To date, polymerisation of monomers derived from plant
oils,"* terpenes® and lignin® has been reported extensively.
However, for a large-scale replacement of fossil-based plastics,
carbohydrates are regarded as the most promising feedstock,’
primarily due to their availability compared to other bio-
molecules, including from non-edible and waste sources.
Sugars also display extensive structural and stereochemical
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duction of transparent thin polymer films and were amenable to further functionalisation.

diversity, making them perfect candidates for the synthesis of
a variety of polymers. Moreover, their hydrophilicity and hydro-
Iytic degradability, together with their absence of toxicity,
make sugars a highly promising feedstock for the synthesis of
environmentally benign polymers.

However, starch and sucrose, the main commercial carbo-
hydrate sources, are classified as first generation feedstocks
(i.e. sourced from crop plants), and cannot be truly considered
sustainable if they compete with food use. Alternatively, the
utilisation of lignocellulosic biomass, for example from agri-
cultural waste, could prevent many of the issues associated
with first generation feedstocks. Cellulose and lignin, two of
the three main constituents of lignocellulosic materials, are
promising source of chemicals and monomers, even if their
depolymerisation (especially for lignin) may present signifi-
cant challenges for a large-scale industrial process.
Hemicellulose, the second most abundant biopolymer
(20-30 wt% of lignocellulosic biomass), is conversely easily
hydrolysed by acids, bases and enzymes, thanks to its amor-
phous random structure and its moderate molecular weight
(75-450 kg mol™"), and is a promising sustainable source of
monosaccharides such as p-xylose or p-mannose.

Significant research effort has focused on transforming
monosaccharides into a variety of monomers and polymers
through a multitude of chemical and biochemical techniques,
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the main ones being fermentation (e.g. polylactide via lactic
acid,® polyhydroxyalkanoates’), oxidation/reduction (mainly
for acetalised alditols and isosorbide-based polymers),*'° and
dehydration (furan-based materials).""'> Conversely, the incor-
poration of unmodified sugar cores (with or without the use of
functional or protecting groups) into the main polymer chains
(as opposed to glycopolymers, in which sugars are pendant
groups to the main chain), has been reported in a limited
number of studies. Among these, ring opening polymerisation
(ROP) has been most frequently exploited."® ROP of cyclic car-
bonates from monosaccharides has been pioneered by Gross
and co-workers,"*™*” and studied more in depth by the Wooley
group.'®>! We also recently reported a series of studies on the
ROP of cyclic carbonates synthesised from sugars and
C0,.2>** Other significant examples of sugar-based monomers
polymerised via ROP are phosphodiesters*?® and
p-lactams.?” 1

Beyond ROP and transesterification techniques, acyclic
diene metathesis (ADMET) polymerisation is also a method of
choice for the polymerisation of renewable monomers, includ-
ing those derived from plant oils.>** In 2009, Meier and co-
workers reported the first study of a sugar-based monomer
polymerised via ADMET.>® In this work, a fully bio-based
monomer was synthesised by esterification of isosorbide with
10-undecenoic acid. The latter is also a renewable building
block, being derived from castor oil, and has been exploited in
metathesis reactions thanks to its terminal olefin moiety.*?
The resulting a,0-diene, isosorbide diundecenoate, was
polymerised in the melt using Grubbs first- and second-gene-
ration catalysts, albeit with moderate molecular weights
(9-26 kg mol™"). A more detailed study of poly(isosorbide diun-
decenoate) was reported in 2015 by Reineke and co-workers.**
Together with isosorbide, the structural analogue glucarodilac-
tone (GDL) was used as building block for the synthesis of the
corresponding monomer and polymers. Moreover, the two
different monomers were copolymerised in different ratios,
yielding random copolymers. ADMET polymerisation, per-
formed in toluene under vacuum using Grubbs second gene-
ration catalyst, yielded high molecular weight polymers
(51-61 kg mol™"). GDL units were shown to impart enhanced
thermal properties to the resulting polymers, while isosorbide
units increased the polymer crystallinity making them more
thermally and hydrolytically stable. While both homopolymers
were brittle, copolymers were rubbery materials displaying
shape memory effects. In a successive study, a number of copo-
lymers with different GDL : isosorbide ratios were synthesised,
and the effect on the polymer properties (thermal and hydro-
lytic stability, elastic behaviour) were assessed. Additionally, a
new monomer was synthesised from 2,5-bis(hydroxymethyl)
furan and incorporated in copolymers.®> A different study,
published the same year by Cramail and coworkers, employed
trehalose (a glucose dimer) for the synthesis of undecenoyl
diesters.>® The esterification with vinyl undecenoate using
immobilised Candida Antarctica Lipase B was performed selec-
tively on primary hydroxyl groups, avoiding the need to protect
secondary hydroxyls. Using Hoveyda-Grubbs second gene-
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ration catalyst in THF under N, atmosphere, ADMET homo-
and copolymerisation with undecenoyl undecenoate was per-
formed. Medium to low molecular weight polymers were
obtained (2-13 kg mol™'). Homo- and copolymers exhibited
semicrystalline behaviour; although no glass transition temp-
erature was detected, two distinct melting points were
observed in copolymers for the saccharide and lipid com-
ponents. Polymers were also shown to self-assemble into
micellar nanoparticles in water thanks to their amphiphilic
nature. Besides ADMET, ring opening metathesis polymeris-
ation (ROMP) was also reported for the polymerisation of lac-
tonic sophorolipids®”~*° and levoglucosenol.*!

Inspired by these previous works, we herein exploit ADMET
polymerisation for the synthesis of renewable polymers incor-
porating both monosaccharides and fatty acid moieties in the
main polymer chain. Previously mentioned 10-undecenoic
acid was employed as it is known to confer flexibility to
polymer backbones - in contrast with previously reported
purely sugar-based polymers, characterised by elevated glass
transition temperatures (7,) but brittle behaviour.?””** p-Xylose
and p-mannose were selected as substrates as they are relatively
underutilised and can be easily obtained from abundant hemi-
cellulose, which could be in turn derived from waste sources.
The structural and stereochemical complexity of the original
sugars was preserved in the resulting polymers and its effects
on properties studied. Moreover, the polyfunctionality of sugar
derivatives was exploited for post-polymerisation modification
and functionalisation.

Results and discussion
Synthesis of monomers

a,w-Dienes 1 and 2 were obtained through double esterifica-
tion of 10-undecenoic anhydride with xylose- and mannose-
derived diols respectively (Scheme 1).

Protection of some of the hydroxyl groups of the natural
monosaccharides was necessary to selectively obtain diesters,
and these diols could be obtained either commercially (in the
case of 1,2-O-isopropylidene-a-p-xylofuranose), or through acet-
alisation of commercial methyl a-p-mannopyranoside.>

10-Undecenoic anhydride was synthesised in a typical pro-
cedure by reaction of 10-undecenoic acid with acetic anhydride
under reflux, and obtained in quantitative yield with no purifi-
cation required.*® Esterification of both sugar diols catalysed
by scandium(m) triflate (reported for the esterification of sec-
ondary alcohols with anhydrides),** showed no reactants con-
version. The combination of triethylamine (NEts; stoichio-
metric amount) and 4-dimethylaminopyridine (DMAP; cata-
Iytic), known to promote the reactivity of deactivated alcohols
in esterification reactions with anhydrides,® was therefore
applied and diesters 1 and 2 were obtained quantitatively after
20 minutes at room temperature in dichloromethane (DCM,;
which would have to be replaced for any large scale implemen-
tation due to toxicity concerns) (Scheme 1). 10-Undecenoic
acid side-product was removed from the reaction mixture by

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of the o,m-unsaturated glycolipid monomers 1 and 2.

adsorption on anionic exchange resin Amberlyst A26 OH form,
allowing its potential recovery and reuse. The two glycolipid
monomers 1 (from xylose) and 2 (from mannose) were
obtained in elevated yields (82% and 86%, respectively).
Interestingly, '*C NMR spectra of both monomers showed two
distinct peaks for the carbonyl carbons (172.4 and 173.3 ppm
for 1, 172.5 and 173.4 ppm for 2; see Fig. S2 and S5, ESIT),
further confirming that 1 and 2 are diesters in which the ester
moieties are located on chemically different (i.e. primary and
secondary) hydroxyl groups of the sugars. It is worth emphasis-
ing that both monomers are predominantly obtained from
renewable feedstocks (91.9 and 89.9 wt% of biobased content
for 1 and 2, respectively); furthermore, the potential sourcing
of acetone (diol protecting group) and methanol (anomeric
hydroxyl protecting group in 2) from biomass (i.e. via fermen-
tation) would lead to 100% biobased monomers.

Polymerisations

Among the various catalysts commercially available for ADMET
polymerisation, Grubbs second generation catalyst (G-II; a
ruthenium alkylidene complex), was selected because of its
high stability to air and moisture, elevated tolerance to polar
functional groups and high activity. Polymerisations were
carried out under dynamic vacuum (0.1 mbar) in order to
remove the ethylene formed as by-product in the metathesis
reaction (which would be captured and used in any large scale
implementation) and drive the equilibrium towards the for-
mation of the polymers. Bulk polymerisation was preferred
over solution polymerisation as it provides maximum
monomer concentration, key for achieving high conversion
and elevated molecular weights, and avoid solvent losses
caused by reduced pressure.

ADMET polymerisation of xylose-based monomer 1.
Monomer conversion was calculated by "H NMR spectroscopy
on a crude sample quenched with ethyl vinyl ether. The dis-
appearance of the signals at 4.90 and 5.75 ppm, corresponding
to the terminal olefin on the monomer, and the appearance of
a new signal around 5.25-5.40 ppm resulting from the newly
formed internal alkene, confirmed the progression of the poly-
merisation (Fig. S7t).

Based on shielding arguments, the pattern of this new
signal, composed of a major signal at 5.30 ppm and a minor

This journal is © The Royal Society of Chemistry 2020
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one at 5.25 ppm, suggested that the configuration of the new
alkene is predominantly trans (ca. 75% for all polymer samples
from relative integration), as expected from thermodynamic
stability. This evidence was confirmed by similarly doubled
NMR signals for allylic protons (1.90 ppm for trans, 1.95 ppm
for cis) and carbons (32.5 and 27.2 ppm, respectively; Fig. S8t).

While monomer 1 is unsymmetric, no head-tail enchain-
ment or variations thereof could be detected experimentally.
However, the polymerisable moieties (alkene groups) being
more than ten atoms apart from the xylose unit, no regioregu-
larity of the polymer was expected. In addition, while this has
not been thoroughly investigated in this study, as previously
reported by Fokou and Meier,** and as suggested here by the
presence of several alkene signals in the ">C NMR spectra for
all polymers, internal olefin isomerisation is likely to occur
during ADMET polymerisation, in particular under the con-
ditions used here (high temperature, G-I catalyst and low cata-
lyst loading).

Polymers were purified by precipitation in cold methanol
and isolated as brown materials. Molecular weight distri-
butions were determined by size exclusion chromatography
(SEC) in tetrahydrofuran (THF) using a refracting index (RI)
detector calibrated with polystyrene standards. As observed by
other authors for analogue polymers, M,, values thus obtained
are likely to be underestimated.’*® Molecular weight dispersi-
ties (Py) of 1.7-2.4, reflecting the theoretical value expected
for polycondensation polymerisations, were obtained in all
experiments (except for very low molecular weight polymers).

The effect of different parameters was assessed for the
ADMET polymerisation of the xylose-derived monomer 1
(Scheme 2). The first set of experiments was carried out in
bulk with 4.0 mol% of catalyst for 20 hours at three different
temperatures (Table 1, entries 1-3). The polymerisation con-
ducted at room temperature led to incomplete conversion and
minimal yield, with formation of a significant amount of oligo-
mers, soluble in methanol (entry 1). When the reaction was
repeated at 60 °C (entry 2), monomer conversion was quanti-
tative. A polymer with 64% yield and moderate molecular
weight (M, 14.4 kg mol™', Py 2.0) was obtained, close to the
theoretical value of 12.8 kg mol™" obtained from Carothers
equation when considering the catalyst as an additional mono-
functional monomer. A further increase in temperature (90 °C;
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Scheme 2 ADMET polymerisation of the a,0-unsaturated glycolipid monomers 1 and 2.

Table 1 ADMET polymerisation of xylose-derived monomer 1 with Grubbs 2" generation catalyst (G-Il) under vacuum?®

Temp. Catalyst Vacuum Conversion Yield SEC M," Theor. M,°
Entry (°C) (mol%) Solvent (mbar) (% (NMR)) (%) (kg mol ™) Py (kg mol™)
1 rt 4.0 None 0.1 80 2 5.0 1.4 2.1
2 60 4.0 None 0.1 100 64 14.4 2.0 12.8
3 90 4.0 None 0.1 100 74 14.1 2.3 12.8
4 60 4.0 None 0.1 100 66 14.8 1.7 12.8
5 60 2.0 None 0.1 100 66 17.7 2.0 25.2
6 60 1.0 None 0.1 97 77 14.8 1.9 12.5
7 90 1.0 None 0.1 100 85 25.5 2.0 50.0
8 90 0.5 None 0.1 100 84 20.6 1.9 99.4
9 60 4.0 Toluene 650 96 55 5.2 1.3 6.4
10 60 4.0 Propylene carbonate 50 100 81 15.3 2.1 12.8
11°¢ 60 1.0 None 0.1 100 83 15.8 1.9 6.0"
12¢ 60 1.0 None 0.1 100 86 11.8 1.7 3.4/
13" 90 0.5 None 0.2 100 70 71.4 2.2 99.4
14" 90 0.1 None 0.2 100 82 68.2 2.4 495.2
15" 90 0.5 None 0.2 100 83 71.6 2.3 99.4

“Polymerisation conditions: 1
tive to polystyrene standards in THF eluent, DM
r — 2 x r x conv.), where r = (N;)/(N; + 2Ng.p)-

1 (1 equiv., 0.25 g), G-I (0.04-0.005 equiv.), dynamic vacuum, 20 hours, magnetic stirring. ” Calculated by SEC rela-
M,,/M,. “Theorical Mn, calculated accordlng to Carothers equation as MWyepeac unic < (1 +7)/(1 +
“ Replicate of entry 2. ¢ Conducted in presence of methyl 10-undecenoate (0.08 equiv.).

Theorical

M,, calculated according to Carothers equation (see note ¢) where r = (N;)/(Ny + 2(Ngit * Nmethyl 10-undecenoate))- £ Conducted in presence of methyl

10-undecenoate (0.16 equiv.). "

entry 3) did not have any influence, except for a limited
increase in yield and a slightly broader dispersity. The reaction
conducted at 60 °C was repeated in order to assess reproduci-
bility, and consistent results were obtained (entry 4).

The effect of decreasing catalyst loading was investigated as
according to Carothers equation, decreasing the amount of
excess monofunctional monomer (i.e. the catalyst) would lead
to an increase in molecular weight of the polymers. At 60 °C,
reduction to 2.0 mol% led to an increase in molecular weight
(M, 17.7 kg mol™) as expected, and a slightly higher yield
(entry 5). Further reduction to 1.0 mol% gave a M, of 14.8 kg
mol™" (entry 6), due to incomplete (97%) conversion possibly
caused by the lower reaction rate given by the lower catalyst
loading. To surmount this limit, the polymerisation with
1.0 mol% of catalyst was repeated at 90 °C (entry 7). This
experiment gave quantitative monomer conversion, yielding a

2684 | Polym. Chem., 2020, 11, 2681-2691

Conducted with mechanical overhead stirrer on 1.5 g of 1.

polymer with a significantly enhanced molecular weight (M,
25.5 kg mol™). Using 0.5 mol% of catalyst (entry 8), a M, of
20.6 kg mol™" was obtained, without variation in yield (85%).
This new M, value, moderately lower compared to that
obtained at 1.0 mol% of catalyst, was ascribed once more to
the lower reaction rate due to the lower catalyst loading, as
well as to mass-transfer limitations caused by the increased
viscosity of the reaction medium. Regardless, these results
demonstrated the possibility to achieve high molecular weight
polymers from 1, in elevated yields, even with low catalyst
loading.

To overcome limitations due to high viscosity in reaching
high molecular weight, a series of polymerisations was carried
out in solution instead than in bulk. As outlined earlier, the
use of a solvent reduces the viscosity therefore improving mass
transfer; however, the necessity of running the reaction under

This journal is © The Royal Society of Chemistry 2020
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vacuum can lead to solvent losses. The choice of solvent,
based on its boiling point, is therefore critical. In the following
experiments, the working pressure was determined in such a
way that the boiling point of the solvent used, at that pressure,
was higher than the temperature at which the polymerisation
was carried out, in order to minimise losses. In addition, a
water condenser was used. A first attempt was conducted with
4.0 mol% of catalyst at 60 °C in toluene, its boiling point
(110 °C) limiting the pressure to 650 mbar. Despite almost
quantitative monomer conversion, modest isolated polymer
yield and molecular weight were obtained (entry 9). A second
reaction was carried out in propylene carbonate as solvent,
chosen because of its high boiling point (240 °C) and its
potential synthesis from CO, and propylene oxide. This
allowed the use of a much lower pressure (50 mbar), and the
polymer thus obtained (M, 15.3 kg mol™'; entry 10) was very
similar to its counterpart obtained in bulk under similar con-
ditions (entry 2).

Polymer chain length could be also manipulated via the use
of monofunctional methyl 10-undecenoate as molecular
weight moderator. At 60 °C, using 1.0 mol% of catalyst and
8.0 mol% of moderator (entry 11), the resulting M, (15.8 kg
mol ') was very similar to that achieved when 4.0 mol% of
catalyst was used without end-capping agent (entry 2; M,
14.4 kg mol "), with the advantage of using only 1.0 mol% of
catalyst. Methyl 10-undecenoate is thought to end-cap both
ends of growing chains,** so relative integration of the signals
generated in the '"H NMR spectrum of the polymer by the
methoxy group (methyl 10-undecenoate, 3.61 ppm) and one of
the sugar protons (5.88 ppm) was used to calculate a degree of
polymerisation (~33), resulting in a molecular weight of
16.2 kg mol™*, very similar to the value obtained by SEC/RL. A
second experiment was then carried out with double the
amount of end-capping agent (16.0 mol%; entry 12). The
resulting polymer showed a M,, of 11.8 kg mol~* by SEC.

A last series of experiments was aimed at overcoming mass
transfer limitations when using low catalyst loadings. The
experiments were performed with an overhead mechanical
stirrer equipped with a vacuum seal (see Experimental
section). With 0.5 mol% of catalyst, remarkably high M, was
obtained (71.4 kg mol™', Py 2.2, entry 13), confirming the
positive effect of the mechanical stirring. Further decreasing
the catalyst loading to 0.1 mol% gave a very similar result
(68.2 kg mol™", entry 14) demonstrating that, even with very
low catalyst-to-monomer ratios such as 1:1000 (and conse-
quently reduced costs), it is possible to obtain polymers with
elevated molecular weight. Moreover, decreasing the catalyst
loading led to polymers with lighter colour, passing from dark
brown (for 4.0 mol% of catalyst) to light yellow (with
0.1 mol%), therefore more suitable for commercial appli-
cations. Finally, with this set-up high molecular weight poly-
mers could be obtained consistently (see replicate experiment
at 0.5 mol% catalyst loading, M, 71.6 kg mol™", entry 15 vs.
71.4 kg mol ™", entry 13).

ADMET polymerisation of the mannose-based monomer 2.
After optimisation of polymerisation conditions for xylose-

This journal is © The Royal Society of Chemistry 2020
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Table 2 ADMET polymerisation of mannose-derived monomer 2 with
Grubbs 2"? generation catalyst under vacuum?®

Catalyst Yield SEC M,” Theor. M,°
Entry (mol%) (%) (kg mol™) Dy’ (kg mol ™)
1 4.0 77 18.0 2.2 14.0
2 1.0 92 49.5 2.3 54.4
3 0.5 9 32.4 2.4 108.3
e 0.1 83 60.8 3.5 539.3

“Polymerisation conditions: Mannose monomer 2 (1 equiv., 0.25 g),
G-II (0.001-0.04 equiv.), bulk, 90 °C, 20 hours, 0.1 mbar, magnetic stir-
ring. Conversion (NMR): 100%. ” Calculated by SEC relative to poly-
styrene standards in THF eluent, Dy = M,,/M,. ‘ Theorical M,,, calcu-
lated according to Carothers equation as MWrepeat unic X (1 + 7)/(1 + 7 —
2 x r x conv.), where 7 = (N,)/(N, + 2Ng.1) and conv. = 1. ¢ Conducted
with mechanical overhead stirrer on 1.0 g of 2.

based monomer 1, polymerisation reactions were conducted
on the mannose-derived monomer 2 under the same con-
ditions (G-II, bulk, 90 °C, 20 h, 0.1 mbar; Scheme 2; Table 2).
In particular, the effect of catalyst loading (0.1-4.0 mol%) was
studied. Typical dispersities (2.2-3.5) were observed in all
cases. At 1.0 mol%, M,, increased significantly (49.5 kg mol*;
entry 2) compared to when using 4.0 mol% (18.0 kg mol™;
entry 1), and was close to the theoretical value of 54.4 kg
mol ™" calculated via Carothers equation. Further decreasing
the catalyst loading to 0.5 mol% did not lead to an increase of
M,,, probably because of a lower reaction rate, but still allowing
to achieve high molecular weight polymers (32.4 kg mol
entry 3). In an attempt to reach higher molecular weights, and
overcome viscosity limitations, mechanical stirring was
employed in combination with low catalyst loading
(0.1 mol%), and yielded a polymer with high M, (60.8 kg
mol ™", By 3.3, entry 4) and very light colour.

Characterisation of polymers

Thermal characterisation was conducted on both xylose- and
mannose-derived polymers poly(1) and poly(2); for each
polymer, two samples with different M, were analysed
(Table 3). In particular, the analysis of poly(1) was conducted
on samples of M, 71.4 kg mol™" (poly(1)-71, Table 1, entry 13)
and 17.7 kg mol™" (poly(1)-18, Table 1, entry 5). For poly(2),
the samples with M,, 49.5 kg mol™" (poly(2)-50, Table 2, entry
2) and 18.0 kg mol™" (poly(2)-18, Table 2, entry 1) were
analysed.

Thermogravimetric analysis (TGA) showed that polymers
were highly thermally stable, with temperature of decompo-
sition (Tgs0,) in the range of 330-355 °C when the measure was
conducted under argon (Fig. 1a, Table 3), and very similar
when tested in air (Tgse, 318 °C for poly(1)-71; Fig. S127).
Interestingly, the nature of the sugar core showed an impact
on polymers thermal stability, with mannose-based poly(2)
being more stable than xylose-containing poly(1). Moreover,
thermogravimetric profiles obtained for both poly(1) and poly
(2) showed two distinct thermal degradation steps, especially
for poly(2). A first decomposition, with maximum at
340-365 °C for poly(1) and 400 °C for poly(2), corresponded to

Polym. Chem., 2020, 11, 2681-2691 | 2685
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Table 3 Thermal properties of polymers poly(1) and poly(2) as determined from TGA and DSC

Polymer Tas%” (°C) Ting (Mass loss)” (°C (%)) Residual mass? (%) T, (°C) T’ (°C)
Poly(1)-71 332 340 (60.4) 442 (23.5) 15.6 —14 n.dsf
Poly(1)-18 351 365 (68.2) 437 (16.5) 13.0 -28; 16 n.ds
Poly(1)-depr2h 192 317 (48.5)" 442 (21.5)" 12.2 n.d? 48
Poly(2)-50 355 400 (70.2) 441 (16.8) 9.9 -19 n.df
Poly(2)-18 340 399 (68.1) 440 (15.4) 12.7 —24; -8 n.dsf
Poly(2)-depr2h 256 391 (75.1) 446 (18.1) 6.7 -10 49

“Temperature at which 5% mass loss is observed. ” Temperature at which maximum mass loss is observed for the considered decomposition
step. “Relative mass loss for the considered decomposition step. ¢ Residual mass at 600 °C. °Glass transition temperature determined for the
second heating cycle. /Melting temperature determined for the second heating cycle. £ Not detected. ” An additional decomposition step was

observed with Ti,r 196 °C (17.7% mass loss).

d 100
80
§
3 60
€
E
= 40
wv
()
o
20
0
0 100 200 300 400 500 600
Temperature (°C)
; S B e S e e e o )
\(P‘, ...........................................................................................
s
=]
e
x
e
3 | Se-=-=
L e T
s | e
s 1r  TTuem s
=
-60 -40 -20 0 20 40 60

Temperature (°C)

poly(1)-71
poly(2)-50

- = = = poly(1)-18
- = = = poly(2)-18

.............. poly(1)-depr2h
.............. poly(2)-depr2h

Fig. 1 Thermal analyses of selected poly(1) and poly(2) samples: (a)
thermogravimetric analysis (TGA); (b) differential scanning calorimetry
(DSC) (2" heating cycle).

60-70% mass loss. A second decomposition, with maximum
close to 440 °C for all polymers, was associated with a smaller
(16-23%) mass loss. This interesting behaviour was ascribed
to the separate carbohydrate and lipid components of the poly-
mers. In particular, the first decomposition step was attributed
to the sugar cores which, being dissimilar, decompose at
different temperatures. The second step, very similar for both
polymers, was assigned to the 10-undecenoic acid building
block. This interpretation is corroborated by the higher
thermal stability of hydrocarbons over carbohydrates. Finally it
was shown that, while for poly(2) different M, had no effect in

2686 | Polym. Chem., 2020, 11, 2681-2691

the thermal decomposition, poly(1)-18 was more stable com-
pared to poly(1)-71 (T4s0, 351 and 332 °C, respectively).

Differential scanning calorimetry (DSC), performed
between —75 and 150 °C on two sequential cycles, while reveal-
ing no melting temperatures, showed glass transition tempera-
tures (T,) ranging from —28 to —8 °C (Fig. 1b, Table 3), as
expected from polymers incorporating long fatty acid chains.
The effect of different molecular weights was noticeable, with
lower M,, giving lower T, as expected. Interestingly, two distinct
T, were observed for poly(1)-18 and poly(2)-18, while just one
transition was detected for the higher molecular weight poly-
mers. Different sugar cores did not impart significantly
different T, between poly(1) and poly(2), conversely to what
had been observed for alditol-based polyesters."®

Hydrolytic stability testing was assessed under neutral,
acidic and alkaline aqueous conditions. Finely divided
polymer samples were placed in deionised water, HCI 1.0 mol
L' and NaOH 1.0 mol L™" and stirred for 60 days at room
temperature. After this time, polymers were re-analysed via
SEC, showing in all cases no apparent change in M,, thus
demonstrating that polymers are stable under hydrolytic con-
ditions (Table S1, ESIT). Further NMR spectroscopy analysis of
the supernatant solutions showed complete absence of any
degradation products.

Polymer deprotection, production and characterisation of films

Deprotection of ketal groups on poly(1) and poly(2) were run
under typical conditions with a trifluoroacetic acid/water
mixture added to a dichloromethane solution of the polymers
(see Experimental section and Scheme 3)."®??> For poly(1),
NMR analysis showed that the degree of deprotection
increased over time, based on the relative integration of iso-
propylidene methyl protons (s, 3H, 1.48 ppm) and methylene
protons on the 10-undecenoic acid chain (m, 4H, 2.31 ppm)
(Fig. S13-15%). After 24 hours, 72% of ketal groups were depro-
tected and the material was still polymeric, albeit with a
decrease in M, (19.9 vs. 28.3 kg mol™"), which may be due to
partial hydrolysis of ester linkages. While, after precipitation
in methanol, the material was found still soluble in THF, after
drying the polymer proved insoluble in common solvents
(THF, CHCIl;, acetone, DMSO, DMF, H,0, (CF;),CHOH). Its
solubilisation in the ionic liquid 1-ethyl-3-methylimidazolium

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Strategy for the post-polymerisation deprotection and func-
tionalisation of poly(1) by reaction with chlorodiphenylphosphine.

acetate was very slow (3 days for complete dissolution). This
unexpected behaviour may be due to the formation of an
extensive network of hydrogen bonds across the polymer
chains, similar to that found in natural polysaccharides such
as cellulose.

Deprotection of 37% of ketal groups (achieved in 6 hours)
produced, after solvent evaporation, a rubbery polymer which
was found to form a gel in THF. Again, this behaviour was
attributed to a H-bond network, preventing solubilisation of
the polymer. Similar gel behaviour was observed after 2 hours,
for which 20% deprotection was observed. Deprotection was
also conducted on poly(2) for 2 hours. DSC analysis of poly(1)
and poly(2) after 2 hours of ketal deprotection (named poly(1)-
depr2h and poly(2)-depr2h; M, 35.5 and 30.0 kg mol ™" respect-
ively (Table S2+)) showed for both the appearance of a melting
temperature (48 and 49 °C, respectively), suggesting the for-
mation of a certain degree of crystallinity (Fig. 1b, Table 3). For
poly(1)-depr2h, in contrast to what previously observed, no T,
was detected. On the other hand, for poly(2)-depr2h a T, of
—10 °C was measured. TGA of partially deprotected polymers
showed reduced thermal stability compared with their precur-
sors, being Tysq, 192 vs. 332-351 °C for poly(1)-depr2h vs. poly
(1), and 256 vs. 340-355 °C for poly(2)-depr2h vs. poly(2). This
reduced thermal stability may stem from the presence of reac-
tive free hydroxyl groups, while differences observed between
poly(1)-depr2h and poly(2)-depr2h may be due to the nature of
the sugar core as well as the degree of deprotection.

This journal is © The Royal Society of Chemistry 2020
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Finally, ketal deprotection was attempted directly on
monomer 1 in order to assess if ADMET polymerisation could
be performed on deprotected monomers, bearing free hydroxyl
groups. However, the deprotection reaction, conducted under
the same conditions used for deprotection of the polymers,
showed hydrolysis of the ester and degradation of the sugar
core, likely due to the strong acidic conditions; the deprotected
monomer was not therefore isolated.

The reactivity of the newly revealed hydroxyl groups on the
polymer chains was tested by means of functionalisation with
chlorodiphenylphosphine  (see  Experimental part and
Scheme 3). *'"P{'"H} NMR spectroscopy analysis of the isolated
novel polymer showed the appearance of two sets of two signals
in the region 111-119 ppm (Fig. S177), consistent with the
expected formation of Ph,P-OCHRR’ bonds. The presence of two
sets of signals is tentatively attributed to the a and p anomers of
the sugar ring. "H-""P{"H} HMBC experiments revealed coupling
of the *'P{'H} signals with the "H sugar signals (Fig. $187), con-
firming the localisation of the phosphine groups on the polymer
structure, and consequently the reactivity of its hydroxyl groups.
Moreover, the material remained polymeric (M, 25.4 kg mol™
vs. 31.0 kg mol ™" for poly(1) sample used, see Fig. $197), corro-
borating the post-polymerisation modification strategy and
opening new possibilities for functional polymers.

Polymer films were produced by casting a polymer solution
(100 g L™" in THF) in a PTFE dish. Unmodified poly(1) was
found unsuitable for the purpose as, although forming homo-
geneous films, those were not self-standing and behaved as
highly viscous fluids. Film casting was therefore attempted on
partially deprotected polymers immediately after precipitation
in methanol, when the materials still retained some solubility
in THF. Films were produced from poly(1)-depr2h and poly(2)-
depr2h (Fig. 2 and S207). These films were self-standing, flex-
ible and transparent. Water and oil contact angles (CA) were
measured for the two films. Values obtained for water were
found in the range of 70-85° (Table S47), while dodecane did
not form droplets but rapidly wetted the polymer surface creat-
ing a thin oil film. Moreover, in all cases, water CA were
observed to decrease linearly over time (Fig. S247).

These observations suggest that both xylose- and mannose-
derived polymers show amphiphilic behaviour, likely due to the

UNIVERSITY OF
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Fig. 2 Film casted from poly(1)-depr2h.
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dual nature imparted by the carbohydrate and fatty acid build-
ing blocks. Mechanical properties of polymer films were investi-
gated by means of uniaxial tensile testing. Films exhibited low
Young moduli (31-64 MPa), typical of rubbery materials, low
elongation at break and tensile strength values (7-12% and 2-3
MPa, respectively; Table S37). Notwithstanding the poor tensile
properties of these polymers, the ability of producing transpar-
ent films represents a significant improvement compared to
purely sugar-based polymers, whose typical brittleness has so
far prevented their shaping into any form in our hands.

Conclusions

In the present work, two novel monomers were synthesised
from readily available sugars - xylose and mannose - and an
unsaturated fatty acid, 10-undecenoic acid, with a renewable
content of around 90 wt%. These monomers, bearing two
terminal olefin groups, were polymerised via acyclic diene
metathesis (ADMET) polymerisation with a ruthenium alkyli-
dene complex, Grubbs second generation -catalyst, under
dynamic vacuum (0.1 mbar). For the polymerisation of the
xylose-based monomer 1, the effect of several parameters was
investigated, including temperature, catalyst loading, presence
of solvents and molecular weight moderator, mixing tech-
nique. The best result was obtained when the polymerisation
was performed in bulk with mechanical stirring at 90 °C with
0.5 mol% of catalyst, yielding a polymer with a molecular
weight (M,) of 71.4 kg mol™" and a dispersity of 2.2. The best
reaction conditions were then applied to the polymerisation of
the mannose-based monomer 2, obtaining again high mole-
cular weight (M, 60.8 kg mol™*). Thermal analysis of the poly-
mers showed them to be stable up to ~350 °C with two charac-
teristic decomposition steps. Glass transition temperatures
ranged from —28 to —8 °C. While TGA revealed that different
sugar cores imparted different stability to the polymers, with
poly(2) more thermally stable than poly(1), DSC revealed no
significant differences between xylose- and mannose-contain-
ing polymers. Polymers were found to be stable in water at pH
0, 7 and 14 for as long as 60 days. Partial deprotection of ketal
moieties, revealing hydroxyl groups, modified the polymer pro-
perties without significantly affecting molecular weights. New
melting temperatures were observed, indicative of semicrystal-
linity, and the solubilisation in common solvents was pre-
vented. This allowed the production of transparent thin films
with amphiphilic behaviour, but low elongation at break and
poor tensile strength. The hydroxyl groups of these partially
deprotected polymers were shown to be reactive and used for
further post-polymerisation functionalisation.

Experimental
Materials

Methyl o-p-mannopyranoside and 1,2-O-isopropylidene-o-p-
xylofuranose were purchased from Carbosynth, Compton
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(Berkshire, UK) and used as received; all the other reagents
were purchased from Sigma Aldrich and Fisher Scientific and
used as supplied.

All the solvents were supplied by VWR and used without
further purification.

Characterization

'"H NMR (**C {'H} NMR) spectra were recorded at 25 °C in
CDCl; on a Bruker AVANCE III spectrometer operating at 400
(100) MHz. Chemical shifts (§) were reported in parts per
million (ppm) relative to the residual protiated solvent.

LC-MS was performed with an Agilent High Performance
Liquid Chromatography (HPLC) unit coupled to a Bruker
Daltonik MicroToF electrospray time-of-flight (ESI-TOF) mass
spectrometer.

Size exclusion chromatography (SEC) was performed with
an Agilent 1260 Infinity GPC/SEC system, equipped with two
columns PLgel 5 pum MIXED-D 300 x 7.5 mm, and a guard
column PLgel 5 ym MIXED Guard 50 x 7.5 mm kept at 35 °C,
and a refractive index (RI) detector. SEC-grade THF was used
as eluent (1.0 mL min~"). The system was calibrated with a set
of polystyrene standards.

Differential scanning calorimetry (DSC) was performed on a
TA Instruments DSC Q20, loading ~5 mg of polymer in a 10 pL
Tzero aluminium pan with lid with an identical empty cell as
reference. The analysis was performed as two successive
cooling-heating cycles between —75 and 150 °C at a rate of
10.0 °C min~"' under nitrogen; glass transition and melting
temperatures were calculated from the second heating cycle.

Thermogravimetric analysis (TGA) was performed on a
Setaram Setsys Evolution TG-MS, loading ~8 mg of polymer in
a 170 pL alumina crucible and heating the sample under
argon from 30 to 600 °C at a rate of 10.0 °C min ™.

Uniaxial tensile testing was performed on an Instron 3369
universal testing machine equipped with 50 N pneumatic
grips. Tests were conducted on rectangular polymer strips
(20 x 4 x 0.25 mm) at a rate of 5.0 mm min~'. For each
polymer film, 5 replicates were conducted and results reported
as average + standard error.

Synthesis of monomers

Xylose-based monomer 1.

. 4
6 O 0 1
15 13 1 9 7 )
o¥s -,
\/& ’ /O/%
A P N 0
1

1,2-O-Isopropylidene-a-p-xylofuranose (1.0 g, 5.26 mmol, 1.0
equiv.) was added to a 50 mL round bottom flask with
10-undecenoic anhydride (4.61 g, 13.15 mmol, 2.5 equiv.), tri-
ethylamine (1.60 g, 15.77 mmol, 3.0 equiv.) and dichloro-
methane (20 mL). The mixture was stirred at room temperature
until homogeneous, then 4-dimethylaminopyridine (0.19 g,
1.58 mmol, 0.3 equiv.) was added. The reaction, monitored via

This journal is © The Royal Society of Chemistry 2020
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TLC (petroleum ether-ethyl acetate 9:1; phosphomolybdic
acid stain), was completed after 20 minutes. Amberlyst A26 OH
form (20 g) was added to remove the excess 10-undecenoic
acid and stirred for 30 minutes. The mixture was filtered, the
solvent removed in vacuo and the crude product purified via
column chromatography (silica gel, eluent petroleum ether-
ethyl acetate 99:1 to 95:5) to give a colourless oil. Yield 82%.
'H NMR (400 MHz, CDCl;, § in ppm): 1.23-1.33 (m, 23H,
C(CH3),, H-9-H-13), 1.47 (s, 3H, C(CHs),), 1.54-1.57 (m, 4H,
H-8), 1.95-2.01 (m, 4H, H-14), 2.24-2.29 (m, 4H, H-7),
4.11-4.23 (m, 2H, H-5), 4.43-4.46 (m, 2H, H-2, H-4), 4.86-4.96
(m, 4H, H-16), 5.21 (d, J = 3.0 Hz, 1H, H-3), 5.70-5.80 (ddt, J =
16.9, 10.2, 6.7 Hz, 4H, H-15), 5.89 (d, J = 3.7 Hz, 1H, H-1). *C
{'"H} NMR (100 MHz, CDCl;, § in ppm): 24.8 (C-8), 26.2
(C(CHs),), 26.7 (C(CHs),), 28.8-29.2 (C-9-C-13), 33.7 (C-14),
34.0 (C-7), 61.1 (C-5), 75.8 (C-3), 76.8 (C-4), 83.3 (C-2), 104.9
(C-1), 112.2 (C(CH3),), 114.1 (C-16), 114.1 (C-16), 139.1 (C-15),
139.1 (C-15'), 172.4 (C-6), 173.3 (C-6'). MS m/z [M + Na]' calc.
for C30Hs500,Na 545.3449, found 545.3483. Elemental analysis
calc. for C3oH5005: C 68.93%, H 9.64%; found C 65.11%, H
8.90%.
Mannose-based monomer 2.

WO—

2
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o 3
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2

Methyl 2,3-O-isopropylidene-a-p-mannopyranoside, (1.23 g,
5.26 mmol, 1.0 equiv.), synthesised according to a previously
reported procedure,®® was added to a 50 mL round bottom
flask with 10-undecenoic anhydride (4.61 g, 13.15 mmol, 2.5
equiv.), triethylamine (1.60 g, 15.77 mmol, 3.0 equiv.) and di-
chloromethane (20 mL). The mixture was stirred at room temp-
erature until homogeneous, then 4-dimethylaminopyridine
(0.19 g, 1.58 mmol, 0.3 equiv.) was added and the mixture
stirred for 20 minutes. Work-up was carried out as for 1,
obtaining 2 as a colourless oil. Yield 86%. "H NMR (400 MHz,
CDCl;, § in ppm): 1.20-1.33 (m, 23H, C(CH3),, H-10-H-14),
1.51-1.58 (m, 7H, C(CHj),, H-9), 1.95-2.01 (m, 4H, H-15),
2.25-2.30 (m, 4H, H-8), 3.35 (s, 3H, OCHj;), 3.77 (ddd, J = 10.4,
5.8, 2.5 Hz, 1H, H-3), 4.04-4.16 (m, 4H, H-6, H-2, H-5),
4.86-5.02 (m, 6H, H-1, H-17, H-4), 5.76 (ddtd, J = 16.9, 10.1,
6.7, 0.8 Hz, 2H, H-16). *C {'"H} NMR (100 MHz, CDCl;, § in
ppm): 24.7 (C9), 26.3 (C(CH3),), 27.6 (C(CHs),), 28.8-29.2
(C-10-C14), 33.7 (C-15), 34.0 (C-8), 34.1 (C-8), 55.0 (OCHj),
62.3 (C-6), 66.2 (C-3), 69.1 (C-4), 75.6 (C-2), 75.9 (C-5), 98.1
(C-1), 109.9 (C(CHj),), 114.1 (C-17), 139.1 (C-16), 172.5 (C-7),
173.4 (C-7"). MS m/z [M + Na]" cale. for C;,H5,0gNa 589.3711,
found 589.3730. Elemental analysis calc. for C;,H5,05: C
67.81%, H 9.60%; found C 67.76%, H 9.75%.

Polymerisations

Representative ADMET polymerisation with magnetic stir-
ring (from Table 1, entry 2). The monomer 1 (0.250 g,
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0.478 mmol, 1 equiv.) was weighed in an oven dried 5 mL
round bottom flask equipped with a magnetic stirrer. Grubbs
second generation catalyst (16.2 mg, 0.019 mmol, 0.04 equiv.)
was added to the flask; the mixture was stirred, placed in an
oil bath at 60 °C and a dynamic vacuum (0.1 mbar) applied.
After 20 hours, the vacuum was stopped, the flask was
removed from the oil bath, THF (2 mL) was added to solubilise
the polymer. Ethyl vinyl ether (1 mL) was added to quench the
reaction and stirred at room temperature for 20 minutes. A
sample was taken and analysed by NMR to calculate the
monomer conversion. The solution was poured into cold
methanol (30 mL) to precipitate the polymer, which was separ-
ated by centrifugation (4000 rpm, 10 minutes). The resulting
brown polymer was dried under vacuum overnight.
Representative ADMET polymerisation with mechanical stir-
ring (from Table 1, entry 13). The monomer 1 (1.500 g,
2.87 mmol, 1.00 equiv.) was weighed in an oven dried 100 mL
two-neck round bottom flask. Grubbs second generation catalyst
(12.2 mg, 0.014 mmol, 0.005 equiv.) was added to the flask; the
flask was connected to an overhead stirrer equipped with a
PTFE-coated steel stirring rod, a PTFE stirring blade and a PFTE
vacuum-tight stirrer bearing. The stirring (120 rpm) was started,
the flask was placed in an oil bath at 90 °C and a dynamic
vacuum (ca. 0.2 mbar) applied. After 1 hour, the stirring speed
was lowered to 30 rpm. After 20 hours, the vacuum was stopped,
the flask was removed from the oil bath. The work-up was done
similarly to previous polymerisations (magnetic stirring).
Xylose-based polymer poly(1).

[¢]
(0]
(6]
3 4
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QY
ﬁ»o

"H NMR (400 MHz, CDCl;, § in ppm): 1.22-1.26 (m, 23H,
C(CH;),, H-9-H-13), 1.47 (s, 3H, C(CH3),), 1.50-1.58 (m, 4H,
H-8), 1.88-1.96 (m, 4H, H-14), 2.24-2.29 (m, 4H, H-7),
4.11-4.23 (m, 2H, H-5), 4.42-4.46 (m, 2H, H-2, H-4), 5.21 (d, ] =
3.1 Hz, 1H, H-3), 5.26-5.37 (m, 2H, H-15), 5.89 (d, J = 3.8 Hz,
1H, H-1). **C {"H} NMR (100 MHz, CDCl;, § in ppm): 24.8-24.9
(C-8), 26.2 (C(CHj),), 26.7 (C(CH;),), 27.2-27.2 (C-14'),
28.9-29.6 (C9-C-13), 32.5 (C-14), 34.0 (C-7), 61.1 (C-5), 75.8
(C-3), 76.8 (C-4), 83.4 (C-2), 104.9 (C-1), 112.2 (C(CHa),),
130.2-130.3 (C-15), 172.3 (C-6), 173.3 (C-6").
Mannose-based polymer poly(2).

poly(1)

/
? poly(2)
'"H NMR (400 MHz, CDCl;, § in ppm): 1.22-1.29 (m, 23H,

C(CH;),, H-10-H-14), 1.51-1.59 (m, 7H, C(CHs),, H-9),
1.89-1.99 (m, 4H, H-15), 2.25-2.29 (m, 4H, H-8), 3.34 (s, 3H,
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OCHz), 3.76 (ddd, J = 10.4, 5.8, 2.5 Hz, z1H, H-3), 4.04-4.08 (m,
2H, H-6), 4.13 (dt, J = 7.2, 5.2 Hz, 2H, H-2, H-5), 4.91 (s, 1H,
H-1), 4.99 (ddd, J = 10.4, 7.6, 1.8 Hz, 1H, H-4), 5.27-5.36 (m,
2H, H-16). *C {"H} NMR (100 MHz, CDCl;, § in ppm): 24.7
(C-9), 26.3 (C(CHs),), 27.2 (C-15"), 27.6 (C(CHj),), 29.1-29.6
(C10-C14), 32.5 (C-15), 34.1-34.2 (C-8), 54.9 (OCHj3), 62.4 (C-6),
66.3 (C-3), 69.2 (C-4), 75.7 (C-5), 75.9 (C-2), 98.1 (C-1), 109.9
(C(CH3),), 130.2-130.3 (C-16), 172.5 (C-7), 173.3 (C-7").

Hydrolytic stability testing, deprotection and film casting

Hydrolytic stability testing was performed in closed vials on
25 mg of polymer divided in ~1 mm pieces, to which 2.5 mL of
the respective solution (deionised water, HCl 1.0 mol L%,
NaOH 1.0 mol L") were added, and the heterogeneous mixture
was stirred at room temperature for 60 days. The polymer was
then removed from the solution, rinsed with deionised water
and left to dry prior to SEC analysis. Water was evaporated from
the supernatant solution under reduced pressure, the residual
solid was dissolved in D,0 and analysed via "H NMR.

Ketal deprotection was performed according to typical pro-
cedures, dissolving 1.0 g of polymer in 10 mL of dichloro-
methane and successively adding a mixture of trifluoroacetic
acid (10 mL) and deionised water (2 mL).'®**> When the
desired conversion was obtained, the polymer was precipitated
dropwise into 100 mL of cold methanol.

After precipitation, the mixture was centrifuged, the super-
natant removed and the resulting polymer dissolved in THF
(100 g L™"). Film casting was performed transferring 6.0 mL of
said solution, previously filtered through cotton wool, in a flat-
bottomed PTFE evaporating dish (diam. 40 mm) and leaving it
until THF was completely evaporated, leaving a homogeneous
transparent polymer disc ~0.25 mm thick.

Post-polymerisation hydroxyl functionalisation

Poly(1) (31.0 kg mol™*; 50 mg; 0.11 mmol repeat unit equiv.) was
subjected to partial ketal deprotection for 3 hours according to
the procedure described above. The resulting material was then
dissolved in THF (1 mL); triethylamine (100 mg, 0.99 mmol, 9.0
equiv. vs. a fully-deprotected polymer) and 4-dimethyl-
aminopyridine (24 mg, 0.20 mmol, 2.0 equiv.) were added, then
chlorodiphenylphosphine (60 mg, 0.27 mmol, 2.5 equiv.) was
added dropwise under an argon atmosphere. The vial was sealed
and stirred at r.t. overnight. Successively, the modified polymer
was precipitated in cold methanol (30 mL), centrifuged and the
supernatant removed, yielding a white solid.
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