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Variations around the presence and position of

i i P, Chom 202514 sulfur in sug_ar-_derived cyclic monomers: influence
623 on polymerisation thermodynamics, polymer
sequence and thermal propertiesyi
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Introducing sulfur atoms into a polymer backbone is an interesting way to valorise an abundant by-
product of the chemical industry and to modulate polymerisation thermodynamics towards polymer re-
cycling to monomer. For bio-derived polymers, which are often highly oxygenated, replacing oxygen for
sulfur atoms can also be a way to fine-tune their properties and widen their application scope. Herein, we
report a series of 6-membered cyclic carbonate and thiocarbonate (xanthate, thionocarbonate and
monothionocarbonate) monomers made from carbohydrate derivative p-glucal, in which the number and
position of sulfur atoms in the polymerisable ring have been varied. Their organocatalysed ring-opening
polymerisation (ROP) is demonstrated and contrasted in terms of ROP thermodynamics, polymer
sequence, regioregularity and thermal properties. While the influence of the thiocarbony!l function varied
across the series, a C—S bond in the polymerisable ring reduced ring strain and maximum monomer con-
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version at equilibrium. Sulfur did not induce crystallinity in the polymers studied, but the onset of thermal
degradation and the glass transition temperature decreased with the amount of sulfur in the polymer lin-
kages, regardless of its position. Degradation of the polymers under UV light was also explored. This work
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Introduction

Incorporating sulfur atoms into polymer backbones has some
benefits in terms of waste valorisation. Indeed, elemental
sulfur is an abundant by-product of the oil and chemical
industry,"® (over 70 million tonnes produced annually).
Besides, the presence of sulfur has been shown to enhance the
thermal (e.g., increased crystallinity), physical (e.g:, affinity for
metals*”), mechanical and optical properties (e.g., high refrac-
tive index®’), of the resulting polymers.®** In the context of
sustainability, sulfur can also impart desirable features to poly-
mers such as recyclability to monomer,"*"” degradability"®
and photodegradability."®*® For bio-derived polymers, which
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1 Electronic supplementary information (ESI) available: Experimental and com-
putational details; spectroscopic and crystallographic data for 1-5; SEC traces,
spectroscopic and thermal (TGA, DSC, DMA) data for the polymers; DFT calcu-
lations data and associated digital repositories. CCDC 2089243, 2095960 and
2177255-2177257. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d2py01366e
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provides fundamental insight for the design of future sulfur-containing renewable polymeric materials.

are often highly oxygenated, replacing oxygen atoms with
sulfur ones can result in novel properties and broader appli-
cations. Recently, as part of our wider research programme on
synthetic carbohydrate polymers,**° we have for example
reported the polymerisation of a xanthate cyclic monomer
derived from tri-O-acetyl-p-glucal (a commercial derivative of
p-glucose) and CS, (Fig. 1), and shown that when copoly-
merised with lactide, the resulting polymer chains can be
cleaved using UV light.

Table 1 shows selected examples of sulfur-containing cyclic
monomers and their oxygenated counterparts, alongside some
of their thermal properties. Even if not comprehensive, this
table demonstrates the mounting interest in this area. It also
highlights that trends remain difficult to identify, and that
studies comparatively exploring the structure-property
relationship of sulfur containing polymers and their oxyge-
nated analogues are scarce,®’ in particular with regards to the
polymerisability of the monomers, depending on the number
and position of sulfur atoms. However, this knowledge is of
crucial importance. Recently Hong and coworkers®® thus
showed that y-thionobutyrolactone is easier to polymerise than
y-butyrolactone'” and y-thiobutyrolactone.**3*

Herein we report the synthesis and polymerisation of a
series of cyclic (thio)carbonate monomers derived from tri-O-
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A) Previous Work: Ring opening polymerisation (ROP) of a glucal derived cyclic xanthate
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Fig.1 (A) Organocatalysed ring opening polymerisation of a cyclic
xanthate; (B) organocatalysed ring opening polymerisation of novel
cyclic monomers and investigation of polymerisability and the properties
of resultant polymers; (C) concept of exploring quantity and arrange-
ment of sulfur atoms within the carbonyl/thiocarbonyl linkage.
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acetyl-p-glucal, featuring different sulfur/oxygen configurations
(Fig. 1). Monosaccharides are promising abundant, structurally
diverse and highly functionalisable renewable building blocks
for polymer synthesis,”>*® with Wooley and coworkers being
the first to exploit tri-O-acetyl-p-glucal as a precursor towards
cyclic monomers amenable to ROP.?” The molecular structures
of each monomer are studied and discussed in relation to
their polymerisability. The resulting polymer structures and
thermal properties are compared, with trends being drawn
around the influence of the number of sulfur atoms and their
positions in the cyclic monomers.

Results and discussion
Synthesis

A series of sugar-based bicyclic monomers, with different
sulfur/oxygen configurations within the carbonyl functional
group, were synthesised from tri-O-acetyl-p-glucal (Scheme 1).
Building from strategies developed by Wooley and co-
workers®” and by our team,*! each monomer synthesis begins
with the Ferrier rearrangement of tri-O-acetyl-p-glucal with tri-

Table 1 Selected structure of sulfur-containing cyclic monomers amenable to ROP, their oxygenated analogues, and some thermal properties of

the resulting polymers

Sulfur monomer Ref. Thermal properties Oxygen monomer Ref. Thermal properties
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Scheme 1 Synthesis of monomers, 1-5, from tri-O-acetyl-p-glucal; (a)
(i) EtsSiH, BF3OEt;, DCM, 0 °C, 3 h, (i) NaOMe (cat.), MeOH, rt, 2 h, (iii)
Pd/C, MeOH, rt, 20 h (98%, 3 steps); (b) TsCl, pyridine, rt, 20 h, 70%; (c)
CS,, t-BuOK, THF, 0 °C, 3 h, 78%; (d) O3, DCM, -78 °C, 72%; (e) CDI,
DCM, 0 to 20 °C, 3 h, 65%; (f) TCDI, DCM, 0 to 20 °C, 3 h, 68%.
Monomer 1 was synthesised according to literature.?*

ethylsilane in the presence of a Lewis acid (BF;-EtO,), followed
by the subsequent de-protection using sodium methoxide under
Zemplén conditions. While the Ferrier rearrangement may add a
functional alcohol onto the anomeric position, here a proton was
inserted to remove the possibility of anomers and simplify ana-
lysis. The hydrogenation of the pseudo-glucal using Pd/C under
H, (1 atm)* then produces a saturated sugar-derived diol, with
almost quantitative yield (98%) over 3 steps.

Similar to the procedure reported for the unsaturated
xanthate monomer, 1,>" tosylation at the C-6 position followed
by cyclisation using CS, produce saturated xanthate, 2 (see ESI,
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section 11). 2 is purified by recrystallisation using ethanol, and
isolated as pale-yellow crystals. Next, ozonolysis can be used to
cleave the thiocarbonyl group of xanthate 2 and replace it by a
carbonyl group. Following a procedure by Zard and coworkers,
under a stream of O; in oxygen, full conversion of 2 into mono-
thiocarbonate 3 is observed within minutes.*” 3 is sub-
sequently purified by column chromatography and isolated as
white crystals. It is worth noting that this procedure is incom-
patible with xanthate 1, with the alkene functionality also
being capable of undergoing ozonolysis. Lastly, thionocarbo-
nate and carbonate monomers, 4 and 5 are synthesised from
the diol using 1,1-thiocarbonyldiimidazole (TCDI) and 1,1
carbonyldiimidazole (CDI), respectively. 4 and 5 are purified by
recrystallisation from ethanol and diethyl ether, respectively,
and isolated as white crystals.

All novel monomers were fully characterised, including by
NMR and FTIR spectroscopies, and their solid-state structures
were elucidated by single crystal X-ray diffraction analysis
(Fig. 2). The ">C{"H} NMR chemical shift of the (thio)carbonyl
group was primarily used to identify each monomer. Like 1, 2
displays a signal at §¢ ~ 208 ppm, characteristic of the C(S)SO
linkage of a cyclic xanthate. 3 shows a signal at 6c ~ 165 ppm,
consistent with a thiocarbonate (C(O)SO), while 4 features a
signal at 189 ppm, corresponding to a thionocarbonate (C(S)
0,). The quaternary carbon of the cyclic carbonate 5 displays a
resonance at significantly lower chemical shift (6¢ ~ 148 ppm)
to the other monomers. Sulfur being more electropositive than
oxygen, as the quantity of sulfur within and around the carbo-
nyl functional group increases, so does the associated chemi-
cal shift. In addition, due to the adjacent electronegative
oxygen atom, the C6 signal in 4 and 5 is also significantly de-
shielded, appearing at higher chemical shifts in both 'H and
3C NMR spectroscopy (5 ~ 4.51-4.15, c ~ 68 ppm) com-
pared to 1-3 (6y ~ 3.15-3.02, 6¢ ~ 32-34 ppm).*”*® The
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Fig. 2 ORTEP drawings of the crystal structure of 1-5 with thermal ellipsoids at the 50% probability level (see ESI}). For each crystal structure the
O-C*-C>-CS torsion angle is drawn and highlighted in the accompanying structures below. Single crystals were obtained for each monomer by

layering chloroform with n-hexane.

This journal is © The Royal Society of Chemistry 2023
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*Jua_ns coupling constant (9.5-9.8 Hz) for each compound is
also consistent with trans-fused cyclic monomers.

The molecular structure and stereochemistry of each
monomer was further corroborated by X-ray diffraction crystal-
lography (XRC) of single crystals obtained for each monomer
by layering chloroform with n-hexane (Fig. 2). Fig. 2 also illus-
trates how the dihedral angle O'-C*-C°-C® varies between
monomers 1-5, a feature that will later be linked to ring strain
and monomer polymerisability (vide infra).

Ring-opening polymerisation

The ring-opening polymerisation (ROP) of 2-5 was successfully
conducted at room temperature in dichloromethane (DCM),
using 4-methylbenzyl alcohol (4-MeBnOH) as initiator, 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst, and 1-2 mol L™
initial monomer concentration, unless stated otherwise
(Table 2). Size exclusion chromatography (SEC) was used to
confirm the polymeric nature of the products (vide infra). The
polymerisation procedure was selected based on our previous
study of the ROP of 1,' which showed that TBD was efficient
in polymerising cyclic xanthates, giving good polymerisation
control and limiting the number of cyclic species formed by
direct nucleophilic initiation.>”"9>°

The ROP of 2 proceeded rapidly, yet reaching a maximum
monomer conversion that was dependent on the initial monomer
concentration: from 28% (for [2], = 1 mol L), 54% (2 mol L™)
and 59% (3 mol L™), to 65% (4 mol L") (Table 2, entries 1, 3, 5
and 6; Fig. S68%). This equilibrium-limited polymerisation is
reminiscent of that of unsaturated xanthate 1,' and typical of

ROP of monomers with limited ring-strain.*>>'>* However,

Table 2 Ring-opening polymerisation of 2—5 catalysed by TBD?
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monomer concentration at equilibrium should only depend on
temperature (Table S1,1 data for 1), and here we observe an unex-
pected increase in [2].q with [2], (Fig. S691), which we do not have
any explanation for and are currently investigating. Next, the
temperature dependence of the ROP equilibrium was investigated
between 0-60 °C in 1,2-dichloroethane ([2], = 2 mol L%
Table S1}). As expected, maximum conversion decreased with
increased temperature. A plot of In([2].q) vs. the reciprocal of the
absolute temperature gave an approximation of the polymeris-
ation thermodynamic parameters (Fig. S701): AH, = —3.41 k]
mol ' and AS,, = —15.7 J mol " K™' (normalised to 1 mol L™").*
For comparison, under similar conditions, we have reported for
the ROP of 1 an enthalpic driving force of —25.6 k] mol™* and
accompanying —80 ] mol ™" K™* entropy decrease.”’ The signifi-
cant increase in both AH,, and AS,, with the saturation of the C6
pyranose sugar ring was attributed to the decreased ring strain
and rigidity of monomer 2 compared to 1.

The ROP of monothiocarbonate 3 seemed also limited by
thermodynamics, reaching for example a maximum monomer
conversion of 42% at room temperature for [3], of 2 mol L™
(Table 2, entry 9). However, a rigorous analysis of this equili-
brium was complicated by the rapid precipitation of a solid
from the reaction mixture. This product was highly insoluble
in all common organic solvents and in water. However, solubi-
lity in a chloroform-hexafluoroisopropanol (HFIP) mixture
confirmed its polymeric nature and enabled an estimation of
M, and Py by SEC (vide infra). While precipitation of the
polymer may be seen as beneficial to drive the equilibrium
towards monomer conversion, during that process, the con-
centrations of both monomer and initiating chains decrease,

Entry M M], (Mo : [TBD] : [1],” Time (h) Conv.” (%) Mn,calcd (kg mol™) M omz (kg mol™) Mn,Sch [Du] (kg mol™)
1 2 1.0 100:1:1 6 28 5.5 3.9 3.6 1.39

2 2 2.0 50:1:1 6 60 4.9 6.8 5.5(1.54

3 2 2.0 100:1:1 6 54 8.7 7.5 6.4 |1.60

4 2 2.0 200:1:1 6 40 12.8 9.2 7.7 |1.57

5 2 3.0 100:1:1 6 59 11.4 5.7 5.6 1.80

6 2 4.0 100:1:1 6 65 12.5 6.3 6.4 |1.80

7 3 1.0 100:1:1 6 15 2.7 1.9 1.9 [1.23F
8 3 2.0 50:1:1 6 36 3.8 2.0 2.6 [1.50"
9 3 2.0 100:1:1 6 42 6.4 2.3 2.8 [1.46]"
10 3 2.0 200:1:1 6 26 9.2 1.2 1.8 [1.34"
11 4 0.3 100:1:1 0.15 38 6.7 5.2 4.0 |1.19
12 4 1.0 50:1:1 1 >99 8.7 6.5 5.7 11.38

13 4 1.0 100:1:1 1 >99 17.4 9.3 7.111.32
14 4 1.0 200:1:1 1 >99 34.6 12.5 8.2 |1.31

15 4 2.0 100:1:1 1 >99 17.4 9.6 7.911.45
16 5 0.3 100:1:1 0.15 76 12.1 7.2 3.5 [1.17]"
17 5 1.0 50:1:1 0.15 >99 8.0 7.5 4.9 |1.27
18 5 1.0 100:1:1 0.15 >99 15.8 10.3 5.5 [1.19]"
19 5 1.0 200:1:1 0.15 >99 31.4 12.2 4.3[1.19]"
20 5 2.0 100:1:1 0.15 >99 15.8 11.5 6.0 [1.23]"

“ Polymerisations were carried out at room temperature, under an argon atmosphere, in anhydrous CH,Cl, solvent with initial [M], = 1-2 mol L™*
(M = monomer), unless stated otherwise. ”I = 4-methylbenzylalcohol.  Monomer conversion to polymer, calculated based on the relative inte-
gration of the monomer proton signals and polymer signals, in the "H NMR spectrum. ¢ Number-average molar mass as calculated using My(I) +
(M (monomer) x [monomer]y/[T], * conv/100%).  Number-average molar mass as calculated using NMR spectroscopy. / Number-average molar
mass and Dispersity (M sec, Mw,sec, P), calculated by SEC relative to polystyrene standards in THF eluent. ¢ Number-average molar mass and
Dispersity (My sec, Mw sec, P), calculated by SEC relative to polystyrene standards in chloroform eluent. " Bimodal polymer distribution observed

by GPC analysis.
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impeding further monomer conversion and slowing down the
reaction, respectively.

The thermodynamics limitations in the ROP of xanthate
and thiocarbonate monomers 1-3 are in stark contrast with
the C6-sugar pyranose-based cyclic carbonate monomer 5 for
which the ROP equilibrium lies heavily towards polymeric pro-
ducts (over 99% observed conversion) (Table 2, entries 16-20).
When exchanging the carbonate functionality for a thionocar-
bonate, a minor decrease in reactivity is observed (Table 2,
entry 11), however, the ROP of 4 still proceeds at a faster rate
than both xanthate monomers and to full conversion (>99% in
1 hour; Table 2, entries 12-15).

As evaluated by SEC, polymers of up to 7800 (Dy 1.23),
2800 (Py; 1.46), 8200 g mol™ (Py 1.31) and 6000 (Py 1.23)
could be obtained from the ROP of 2, 3, 4 and 5 respectively.
While broadly speaking molar masses increase with decreasing
quantities of initiator as expected, some discrepancy with
theoretical molar masses currently limits the controlled poly-
merisation of these monomers. This is attributed to the pres-
ence of impurities in the monomers, such as diols and other
protic impurities, acting as chain transfer agents and limiting
the increase in M, at high monomer : initiator ratios. Bimodal
distributions are also occasionally observed, and this is attrib-
uted to undesired inter- or intra-(cyclisation) transesterifica-
tion reactions during polymer growth. Similar behaviour has
been reported by Wooley and coworkers for the unsaturated
p-glucal based cyclic carbonate.’” End-group analysis was per-
formed using NMR spectroscopy, and with the exception of
polymers produced from 5, good agreement between M, xmr
and M, src values suggested the absence of major cyclic
polymer species. For poly(5), M,nmr values were approxi-
mately double those found by SEC, consistent with the major
presence of cyclic species, as suspected from bimodal distri-
butions. These conclusions are to be taken carefully without
further support from supplementary end-group analysis or
determination of absolute molar masses. However, MALDI-ToF
mass spectrometry proved unsuccessful to probe further the
macromolecular structure of the polymers.

Table 3 Structural and computational information on monomers 1-5°
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Monomer structural, spectroscopic and computational
analysis

The impact of incorporating sulfur into the monomer struc-
tures was further investigated by comparing structural, spec-
troscopic and computational data with the conversion
observed experimentally (Table 3).

To complement experimental ROP data, the enthalpy of
ring-opening of each monomer was evaluated by compu-
tational modelling (DFT). Recently, Ramprasad and co-
workers®®> have developed a first-principles computational
scheme to calculate AH®" with high precision, by involving
conformational sampling and taking into account finite size
effect. Here, a more conventional and basic approach, invol-
ving the isodesmic ring-opening reaction of the monomers,
was used.’® While such method may not yield accurate absol-
ute values, the calculated AH®°" values were found to repro-
duce relative experimental ROP trends, with monomers
having the most negative AH®° values showing the highest
monomer conversion at equilibrium, and vice versa
(Fig. S115 and S116%). This suggests that the ROP of these
monomers is mainly driven by the release of their ring
strain.

Experimental ROP data was therefore evaluated against
some of the structural features of each monomer, as deter-
mined by X-ray diffraction of single crystals (Fig. 2). In particu-
lar, the torsion angle between atoms O-C*-C°-C°® was taken as
a good representation of ring strain. Monomer 3, which experi-
mentally show the lowest polymerisability and computationally
the least negative AH ", was taken as a reference, from which
deviations in torsion angle (Ay) were calculated for each
monomer (Table 3). Strong correlations were observed between
Ay and the maximum monomer conversion observed (Fig. 3a)
or AH®" (Fig. 3b). Therefore, for this type of cyclic monomers,
it appears possible to explain and predict polymerisability
from a simple structural parameter.

Unlike the influence of the saturation of the C6 pyranose
ring on monomer polymerisability (1 vs. 2), that of sulfur

1-5
Monomer  C’=X(ppm) mp”’(°®C) C=X(@A) C-Y(A) 0-C’-Y(®) 0O-C'-C°-C°(°) AF(°) AH®®?  Max Conv.’ (%)
1 208 122 1.646[2] 1.733[2] 122.9[2] 74.3[2] 5.0 —6.4 90
2 207 110 1.655(2] 1.726[2] 123.9[2] 67.2[3] 2.1 —6.2 54
3 165 122 1.207[2] 1.761[2] 122.5[1] 69.3[2] 0 -4.9 42
4 189 90 1.649(2] 1.327[2] 120.5[2] 60.3[2] 7.1 -8.6 99
5 148 92 1.204[2] 1.333[2] 120.1[2] 62.2[2] 9.0 —-8.9 99

“4Structural data collected for monomers 1-5 by NMR, DSC, XRD (with [estimated standard deviations]) and computational analysis, M =
monomer. > mp = melting point, generated by DSC analysis.  Change in torsion angle, calculated based on the relative change in the O-C*-C*-
C° torsion angle of monomer 3 vs. other monomers. ¢ Enthalpy change for the isodesmic reactions of monomers 1-5, units given in keal mol ™.
¢ Maximum monomer conversion to polymer for [M], = 2 mol L™" and [M], : [TBD], : [4-MeBnOH], = 100:1: 1, calculated based on the relative
integration of the monomer proton signals and polymer signals, in the "H NMR spectrum.
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Ay obtained from XRD data and AHrop calculated as a representation of
ring strain.

incorporation within the carbonate functional group was less
clear (5 vs. 4, 3 and 2). We found that in general, exchanging
an oxygen for a sulfur atom decreased ring strain and poly-
merisability. However, the position of this substitution mat-
tered. As expected, when inserting a sulfur atom into the Cé6-
alkoxy position of the carbonate group and lengthening the
C’-Y bond from 1.333[2] (in 5) to 1.761[2] A (in 3) a large
decrease in both ring strain and polymerisability was observed
(Ay = 9.0° and AH®®® = +3.99 kcal mol™) and led to a signifi-
cant decrease to monomer conversion at equilibrium (Table 3).
To a larger extent, the same observation was made when
inserting a sulfur atom into the C6-alkoxy position of the thio-
nocarbonate group, with a decrease in monomer conversion at
equilibrium between 4 and xanthate 2 (Table 3). Replacing the
carbonyl oxygen atom for sulfur and lengthening the C’=X
from 1.204[2] (in 5) to 1.649[2] A (in 4) had little influence on
the ROP equilibrium (both monomers polymerise >99%), even
if kinetics were slightly faster for the carbonate (76% conver-
sion after 15 min for 5 vs. 38% for 4; Table 2 entries 16 and
11). On the other hand, replacing the carbonyl oxygen atom in
monothiocarbonate 3 for sulfur, and lengthening the C’=X in
xanthate 2 (1.655[2] A vs. 1.207[2] A in 3), unexpectedly led to a
decrease in the C’-Y bond distance (from 1.761[2] (in 3) to
1.726[2] A (in 2)), which may explain the positive impact seen
on ring strain and polymerisability.
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Polymer structures

Initial insight into the structure of the polymers produced
from 1-5 was gained by FT-IR spectroscopy (Fig. S67, S88, S101
and S113%). The xanthate-derived polymer, poly(2), displayed
multiple strong absorption bands within the 1290-1150 cm™
region, which were assigned to the carbon-sulfur double bond
(C=S) vibrational modes. The thiono-derived polymer, poly(4),
displayed a similar broad absorption band at 1200 cm™. In
contrast, strong carbonyl (C=O) frequencies were seen for
both monothiocarbonate-derived poly(3) and carbonate-
derived poly(5), within the 1750-1700 cm™" region. Notably,
the vibrational mode belonging to poly(3) appears at a lower
frequency (1710 cm™) than polycarbonate poly(5) (C(0)O,)
(1740 cm™), likely due to the presence of the more electroposi-
tive sulfur atom and corroborating thiocarbonate (C(O)SO)
linkages.

C{"H} NMR spectroscopy proved more decisive in identify-
ing the microstructure of the polymer species (Fig. 4). For poly
(2), two major thiocarbonyl resonances at §c =~ 194 and
223 ppm of similar intensity could be seen. Based on literature
precedent,”"?” these resonances were assigned to a mono-thio-
nocarbonate (C(S)O,) environment and a tri-thiocarbonate
environment (C(S)S,), respectively. This data suggests that, like
its unsaturated counterpart 1, the ROP of 2 proceeds via the
alternating opening of the monomer at that both ends of the
xanthate linkage, followed by the subsequent propagation of
the polymer chain to produce regio-regular polymers with
alternating C(S)S, and C(S)O, linkages.

e "*C{'"H} NMR spectrum of poly(5) revealed three car-
bonate environments centred at 155.2, 154.2 and 153.3 ppm,
consistent with tail-tail (TT), tail-head (TH) and head-head
(HH) linkages that arise from cleavage at either side of the
asymmetric carbonate by either a free secondary or primary
propagating alcohol chain. Relative assignments
suggested based upon previous work within and outside of
our group.”®?®*” Further splitting observed within the
carbon environments is attributed to long range sequence
effects. Notably, compared to the 0.5:1:0.5 TT:TH:HH
integration ratio that would be expected for a regiorandom
polymer, a 0.37:1:0.35 (TT:TH:HH) ratio was observed.
Like for its unsaturated analogue,’” this suggests a slight
regioregularity, with the acyl-oxygen bond cleavage occurs
preferentially on one side of the carbonate carbonyl. It is
worth noting that Wooley and coworkers have identified the
importance of side-chain functionalities (absent here) to
promote regioregular ROP of similar glucose-derived
polycarbonates.’”

A similar pattern was observed for poly(4), with “*C{'H}
NMR analysis revealing three thionocarbonate environments
centred at 195.4, 194.1 and 193.1 ppm, consistent with TT, TH
and HH linkages respectively.”” Importantly, the absence of
other (thio)carbonyl signals ruled out any O-S exchange reac-
tions during ROP. Similar to the polycarbonate, a 0.37:1:0.34
(TT:TH:HH) integration ratio suggested a slight

regioregularity.

were

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Comparison of the X*C{*H} NMR spectra (500 MHz, chloroform-d) of monomers 2—5 (top) and their respective polymers. (a) Cyclic xanthate
monomer 2 (bottom) and polyxanthate poly(2) (top) (Table 2, entry 3), (inset) alternating C(S)S, and C(S)O, linkages observed for the respective
polymer. (b) Cyclic thiocarbonate monomer 3 (bottom) and polythiocarbonate poly(3) (top, signals due to hexafluoroisopropanol visible at 121.5 (q)
and 69.7 (m) ppm (Table 2, entry 9), (inset) C(S)SO linkage observed for the respective polymer. (c) Cyclic thionocarbonate monomer 4 (bottom) and
polythionocarbonate poly(4) (top) (Table 2, entry 13), (inset) TT, TH and HH linkages observed for the respective polymer. (d) Cyclic carbonate
monomer 5 (bottom) and polycarbonate poly(5) (top) (Table 2, entry 18), (inset) TT, TH and HH linkages observed for the respective polymer.

The *C{"H} NMR spectrum of poly(3) showed a single thio-
carbonate environment at c % 165 ppm, attributed to mono-
thiocarbonate (C(0)SO) linkages. The absence of other thiocar-
bonate environments suggests that unlike for 2, 4 and 5, the
ROP proceeds via the regioregular opening of the monomer on
one side of the thiocarbonate, resulting in only TH-type lin-
kages within the polymer backbone. Based on the stronger
acidity of a primary thiol vs. a secondary alcohol, we propose
that the ring opening takes place preferentially via acyl-sulfur
cleavage favouring the formation of the thiocarbonate linkage.

All polymer structures were further confirmed by "H NMR
spectroscopy, with carbonate and thionocarbonate linkages
showing significantly de-shielded C6 proton environments (6
~ 4.68-4.14 ppm; CH,-0O) compared to trithiocarbonate and
monothiocarbonate linkages (6 ~ 3.80-3.24 ppm; CH,-S).>”*®

Thermal properties

The thermal properties of the polymers were investigated by
thermogravimetric analysis (TGA) (performed under argon
atmosphere) and differential scanning calorimetry (DSC)
(Table 4). All polymers were shown to be amorphous, with no

This journal is © The Royal Society of Chemistry 2023

observation of endothermic transitions associated with
melting.

For poly(2), which alternate thionocarbonate and trithiocar-
bonate linkages, glass transition temperatures (7,s) of 78 and

Table 4 Thermal properties of polymers

Polymer 1Wr1,S]ECCZ [DM] Tgc (OC) TdS% (OC) Td,max (OC)
Poly(1)*! 6.8 [1.60 65 188 219
Poly(2) 5.5 [1.54 78 185 202
Poly(2) 7.7 [1.58 92 191 204
Poly(3) 2.6 [1.50 — 202 228
Poly(3) 2.8 [1.46]° — 203 241
Poly(4) 5.7 [1.38 86 136 303
Poly(4) 7.1[1.32 104 140 312
Poly(5) 4.9[1.27] 93 215 256
Poly(5) 6.0 [1.23 90 215 262

“Number-average molar mass and dispersity (Mp skc, Mw,sec, P), calcu-
lated by SEC relative to polystyrene standards in THF eluent, units
given in kg mol™'. ”Number-average molar mass and dispersity
(M, secy Mwsec, P), calculated by SEC relative to polystyrene standards
in chloroform eluent, units given in kg mol™". ¢ Glass transition temp-
eratures obtained from the second heating cycle.

Polym. Chem., 2023, 14, 623-632 | 629
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92 °C were observed in the second heating cycles, for polymers
of M, 5700 g mol™" (Py 1.54) and 7700 g mol™" (Py 1.58),
respectively (Fig. S61 and S63%). However, changes could be
observed from the third heating cycles (Fig. S62 and S64%)
which was attributed to some depolymerisation. This was con-
firmed by NMR and GPC analysis which showed that heating
of poly(2) at 180 °C for 5 minutes resulted in the almost quan-
titative reformation of 2 (Fig. S71-S74%). The onset of thermal
degradation (Ty4se,) occurred around 191 °C, with a final mass
loss of 97% (for M,, 7700 g mol ™" (P 1.54)) (Fig. $65 and S661).
Direct comparison with unsaturated analogue poly(1) (M,
6800 g mol™'; Dy 1.60; Ty 65 °C; Tyse, 188 °C),>! reveals non-
significant change in thermal stability and a slight decrease in
Ty upon hydrogenation of the C=C bonds, perhaps due to
increased flexibility of the pyranose rings and of the polymer
backbone.

For poly(5), T,s of 93 and 90 °C were observed for polymers
of M;, 4900 g mol™" (P 1.27) and 6000 g mol ™" (P 1.23) respect-
ively (Fig. S109 and S110%). Ty4se, occurred around 215 °C, with
a final mass loss of 96% (for M, 4900 g mol™ (P 1.27))
(Fig. S111 and S1127). While direct comparison is not possible
because of a different substituent in C1, the unsaturated,
glucal-derived polycarbonate reported by Wooley and co-
workers, with a OiPr group in the anomeric position, displayed
lower T, (269 °C) for a polymer of M, 11800 g mol™".*” It
therefore appears that regardless of the presence of sulfur in
the polymer backbone, an unsaturation in the pyranose ring
looks to decrease T.

Poly(4) displayed a unique glass transition, with T, of 86
and 104 °C for M, 5700 (P 1.32) and 7900 g mol™* (P 1.38)
respectively (Fig. S96-S98f). However, when heated above
120 °C, a broad exothermic transition was observed, as well as
a loss of the T, transition within the next heating cycle.
Therefore, this transition most likely corresponds to the degra-
dation the polymer structure. This theory was further corrobo-
rated by TGA data, which revealed Tyso, to be around 136 °C,
with a final mass loss of 97% (for M, 5700 g mol™" (P 1.32))
(Fig. S99 and S100%).

Poly(3) samples did not display any thermal transitions
when analysed by DSC (Fig. S82 and S831). Dynamic mechani-
cal analysis (DMA) was also performed but remained inconclu-
sive, even if a single broad transition around Ty,.x = 150 °C
may correspond to the softening of the short polymers ana-
lysed (Fig. S86 and S87%). TGA data was however much clearer
and revealed an onset of degradation (Tyse,) occurring around
203 °C, with a final mass loss of 98% (Fig. S84 and S85%).

Collectively, even if direct comparisons are not always poss-
ible due to concomitant changes in polymer sequence and
regioregularity, it appears from the data gathered that repla-
cing oxygen atoms with sulfur atoms leads to a decrease in T,
values for those pyranose-derived poly(thio)carbonates (Fig. 5).

When within the polymer backbone, this may be due to
both the increase in the length of the C-S bond involved in the
polymer linkage (1.73 A vs. 1.33 A for C-0), and the increase in
the van der Waals radius between O (1.52 A) and S (1.85 A)
atoms. This would increase the free volume within the
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polymer structure and in turn decrease 7g. While not directly
involved in the polymer backbone, changing a carbonyl bond
(C=o0; 1.21 A) for a thiocarbonyl (C=S; 1.65 A) appears to have
a similar influence, that could also be due to an increase in
free volume. In general, introducing an element of lesser
electronegativity than oxygen may decrease the polarity of the
polymer which may facilitate mobility and decrease T,

Likewise, a decrease in Tgs¢, was also observed when
increasing the quantity of sulfur atoms within the polymer
backbone, which is likely due to the reduction in bond
strength from C-O to C-S bonds. However, the extreme
decrease in thermal stability observed for poly(4) is much
harder to explain. The thionocarbonate (C(S)O,) linkages
appears to be extremely susceptible to thermal degradation.
Based upon the multi-stage degradation profile observed this
may also be due to intramolecular reactions (e.g., O/S
exchanges) taking place upon heating.

Polymer degradation under UV light

Building upon some of our previous studies, in which poly
(1),>" as well as other sulfur containing polymers,* were
readily degraded under UV radiation (4 = 365 nm), the UV-
degradability of the polymers was explored in THF at room
temperature (Fig. 6). As suspected from its similarity with its
unsaturated analogue poly(1), poly(2) was completely degraded
within 6 hours into oligomeric products, with "H NMR ana-
lysis revealing the disappearance of trithiocarbonate linkages
(loss of the H-6' environment; Fig. S118}). Conversely, only
11% reduction in M, was observed for poly(4) within 6 hours,
likely via the degradation of its thiono-carbonate linkages.
This was further supported by "H NMR spectroscopy (Fig. $119
and S$120%), which revealed new proton environments as well
as a reduction in the relative integration of the H-6'environ-
ments. As expected, poly(5) did not degrade and unfortunately,
poly(3) could not be investigated due to solubility issues.
Systematic comparisons and definitive conclusions are there-
fore not possible at this stage, including due to differences in

This journal is © The Royal Society of Chemistry 2023
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5500 g mol™, Py = 1.54), poly(4) (M, sec = 6300 g mol™, By = 1.30)
and poly(5) (M, sec = 4900 g mol™, By = 1.16) when exposed to UV
light (2 = 365 nm) for 6 hours, at room temperature, in THF solution.

polymer structures. However, the incorporation of sulfur
atoms within carbonate linkage appears to enhance UV
degradability, with trithiocarbonate linkages degrading faster
than thionocarbonate ones.

Conclusions

In summary, we have synthesised a series of novel cyclic car-
bonate and thiocarbonate monomers derived from carbo-
hydrate derivative p-glucal, in which the number and position
of sulfur atoms in the 6-membered polymerisable ring have
been varied. All monomers were amenable to organocatalytic
ROP but presented various degrees of thermodynamics limit-
ations. Through DFT calculations and the analysis of their
experimental solid-state structures, the polymerisability of the
monomers was related to their ring strain, indicating that ROP
thermodynamics are dominated by enthalpy changes. While
the impact of the thiocarbonyl group varied across the series,
introducing a sulfur atom inside the polymerisable ring
decreased ring strain and maximum monomer conversion at
equilibrium. All polymers were characterised, and their
sequence identified by NMR spectroscopy. While direct com-
parisons were not always possible, thermal properties trends
could still be identified. Sulfur did not induce crystallinity in
the polymers studied, but the onset of thermal degradation
and the glass transition temperature were shown to decrease
with the amount of sulfur in the polymer linkages, regardless
of its position in the polymer linkage. The incorporation of
sulfur also promoted degradability under UV light. While the
incorporation of sulfur is increasingly seen as a powerful
handle to modulate polymerisation thermodynamics and
facilitate polymer chemical recycling to monomer, the desired
physical properties should be preserved. By exploring the struc-

This journal is © The Royal Society of Chemistry 2023
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ture-property relationship of sulfur containing polymers and
their oxygenated analogues, this work provides fundamental
insight for the design of future sulfur-containing renewable
polymeric materials, combining adequate properties, recycl-
ability, and degradability.
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