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Abstract

Simultaneous ring-opening copolymerization is a powerful strategy for the synthesis of
highly functional copolymers from different types of cyclic monomers. Although copolymers are
essential to the plastics industry, environmental concerns associated with the current fossil-fuel
based synthetic polymers have led to an increasing interest in the use of renewable feedstock for
copolymer synthesis. Herein, we report a scalable synthetic platform to afford unique
polysaccharides with different pendant functional groups from biomass-derived levoglucosan and
e-caprolactone via cationic ring-opening copolymerization (cROCOP). Biocompatible and
recyclable bismuth triflate was identified as the optimal catalyst for cROCOP of levoglucosan.
Copolymers from tribenzyl levoglucosan and g-caprolactone, as well as from tribenzyl and triallyl
levoglucosan were successfully synthesized. The tribenzyl levoglucosan monomer composition
ranged from 16 % to 64 % in the copolymers with e-caprolactone, and 22 % to 79 % in the
copolymers with triallyl levoglucosan. The allylic levoglucosan copolymer can be utilized as a
renewably-derived scaffold to modify copolymer properties and create other polymer architectures
via post-polymerization modification. Monomer reactivity ratios were determined to investigate
the copolymer microstructure, indicating that levoglucosan-based copolymers have a gradient
architecture. Additionally, we demonstrated that the copolymer glass transition temperature (7g,
ranging from —44.3 °C to 33.8 °C), thermal stability, and crystallization behavior could be tuned
based on the copolymer composition. Overall, this work underscores the utility of levoglucosan as
a bioderived feedstock for the development of functional sugar-based copolymers with

applications ranging from sustainable materials to biomaterials.
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Simultaneous ring-opening copolymerization is a promising and powerful strategy for the
synthesis of highly functional and tailorable copolymers from an extensive class of cyclic
monomers.' Copolymers are commercially relevant and essential to the plastics industry due to
their unique comonomer-sequence dependent properties,® however, most of the current synthetic
polymers are derived from fossil fuels, prompting severe environmental concerns.” To address
these issues, an increasing number of recent investigations are focused on employing renewable
feedstocks, particularly those derived from lignocellulosic biomass, for the synthesis of sustainable
polymeric materials.®® Levoglucosan (Scheme 1A) is an interesting and relatively untapped
renewable feedstock that can be obtained directly from the fast pyrolysis of cellulosic biomass in
high yields (80 %) and at a competitive price point with current petroleum derived feedstocks.!*-
12 Levoglucosan is an anhydro sugar containing a bicyclic acetal linkage that is amenable to
cationic ring-opening polymerization (cROP).!* Furthermore, the three hydroxyl groups on
levoglucosan can be easily synthetically modified both pre- and post- polymerization to install a
variety of pendant groups for tailored properties. Consequently, levoglucosan is an attractive
feedstock for the synthesis of sugar-based copolymers via cationic ring-opening copolymerization
(cROCOP) with other renewable cyclic monomers.

The cROCOP of a tribenzyl levoglucosan monomer (Scheme 1A, 1) was first reported
more than 50 years ago, typically in combination with other protected levoglucosan derivatives or
protected levoglucosan isomers as comonomers.!42 In these previous studies, the cROCOP of
levoglucosan derivatives was performed at very low temperatures (—60 °C), and with the highly
toxic and difficult-to-handle initiator PFs.'42! Moreover, very limited work has been done to
copolymerize levoglucosan with different types of cyclic monomers other than anhydro sugars.

Uryu et.al. copolymerized tribenzyl levoglucosan (1) with dioxolane and epichlorohydrin in the



presence of PFs at —60 °C and obtained blocky and gradient copolymers, respectively.??> However,
to the best of our knowledge, this is the only example of cROCOP of levoglucosan with other
types of cyclic monomers. Indeed, there is ample space for the development and characterization
of functional levoglucosan-based copolymers and improving the fundamental understanding and
activity of copolymerization with chemically-different monomers.

e-caprolactone (Scheme 1A, 3) is a promising cyclic ester monomer for cROCOP with
levoglucosan that can be synthesized from 5-hydroxymethyl furfural — a lignocellulosic biomass-
based platform chemical.” The homopolymer of 3, polycaprolactone, is a commercially produced
polyester with widespread applications in the fields of drug delivery, tissue engineering, medical
devices, sutures, etc.®?> The cROCOP of levoglucosan with g-caprolactone will enable facile
access to acetal-ester polysaccharides with potential as biomaterials for applications such as drug
delivery, tissue engineering, gene therapy, etc.>>** Additionally, the incorporation of levoglucosan
and e-caprolactone in a gradient or blocky fashion will enable access to fully biobased copolymers
with hard and soft segments that can be utilized as thermoplastic elastomers (TPEs).?>2¢ Notably,
the cROCOP of cyclic acetals with cyclic esters has been the subject of a handful studies, where
1,3-dioxolane is commonly copolymerized with either e-caprolactone or L-lactide.?’ ! Although
these studies demonstrate successful formation of an acetal-ester copolymer, monomer reactivity
ratios are not determined for the assessment of copolymer microstructure. Taken together, these
factors have led us to explore the cROCOP of levoglucosan and g-caprolactone with low toxicity
polymerization catalysts to obtain novel sugar-based copolymers.

Herein, we report a scalable synthetic platform to afford unique polysaccharides with
different pendant functional groups derived from levoglucosan and e-caprolactone (Scheme 1). To

identify alternatives to PFs, low toxicity metal triflate catalysts were screened for the cROCOP of



levoglucosan-based benzyl (Bn) 1 and allyl (All) 2 functional monomers (Scheme 1A) with e-
caprolactone 3. Bismuth triflate—which is a biocompatible and recyclable catalyst—was
identified as a promising candidate to synthesize levoglucosan-based copolymers. A series of
copolymers with different compositions were prepared to access a wide range of thermal properties
based on the copolymer composition and levoglucosan pendant groups. Lastly, monomer reactivity
ratios were determined to assess the copolymer microstructure revealing a gradient architecture
for levoglucosan-based copolymers. This work lays the foundation for fundamental synthesis and
development of levoglucosan as a biobased platform chemical to afford sugar-based copolymers

with pendant functional groups for applications ranging from sustainable TPEs to biomaterials.
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Scheme 1. A) Chemical structures of monomers used in this study. B) Schematic depicting
synthesis of copolymers via cROCOP of 1/2 and 1/3 respectively. C) Chemical structures of
polymerization catalysts used in this study for cROCOP.

Monomer 1 was purchased from a commercial supplier and monomer 2 was synthesized
on a multigram scale as previously reported.3> Four commercially available polymerization

catalysts were screened for the cROCOP of 1, 2, and 3 (Scheme 1C) due to their efficiency in ring
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opening cyclic acetals, such as levoglucosan, as demonstrated in earlier studies,'*3>3 as well as
their ability to ring open cyclic esters like e-caprolactone.’* To understand the effect of catalyst
type, catalyst loading, and monomer feed ratio, a library of polymerization experiments was
performed and the results are summarized in Tables 1 and 2. The screening studies for the
cROCOP of 1 and 3 ata 50 : 50 feed ratio of 1 : 3 revealed that all catalysts except In(OTf)3 were
successful in producing poly(1-co-3) with up to 50% incorporation of 1 in the copolymer (Table
1, entries 1-4). Further studies were performed at lower catalyst loadings to target higher molecular
weights (Table 1, entries 5-7), and these studies demonstrated Bi(OTf)s to be the optimal catalyst
for cROCOP of 1 and 3 (Table 1, entry 6) resulting in poly(1-co-3) with an M,, of 10.4 kDa and
low dispersity of 1.1. Subsequent cROCOP of 1 and 3 with Bi(OTf)3 at non-stoichiometric feed
ratios of 1 : 3 resulted in copolymers with M,, ranging from 7.2 to 11.7 kDa and low dispersities
(Table 1, entries 8-11). Overall, through the Bi(OTf)3 catalyzed copolymerization of 1 and 3, a
series of poly(1-co-3) copolymers were successfully synthesized with copolymer composition of
1 ranging from 16% to 64%.

Table 1. Summary of cROCOP of 1 and 3 under various polymerization conditions. All
polymerizations were performed in CH2Clz at room temperature for 72 h. “Monomer conversion
determined by 'H NMR spectroscopy. “Molecular weight and dispersity determined by SEC-
MALS in DMF. 'Samples obtained from reactivity ratio analysis experiments.

No  Catalyst 1:3 1:Cat Conversion? (%) M} P’ Fy F;

(kDa) (%) (%)

I Sc(OTH: 1:1 50:1 1-=56,3-78 6.2 11 50 50
2 Bi(OTf)3 1:1 50:1 1=85;3>99 5.6 1.3 50 50
3 In(OTH)3 1:1 50:1 1=73;3=83 Bimodal - - -
4 PTA 1:1 50:1 1=99;3>99 4.0 1.4 35 65
5 Sc(0OTf)s3 1:1 200:1 1=0;3=27 - - - -
6 Bi(OTf)3 1:1 200:1 1=35;3=95 10.4 1.1 16 84
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117

PTA
Bi(OTf)s
Bi(OTf)s
Bi(OTf)s
Bi(OTf):

200:1
200:1

67 :

100:1

34

1

1

1=80;3>99
1=78;3>99
1=74;3>99
1=75;3>99
1=84;3>99

59
7.8
11.7
7.2
8.1

1.4
1.3
1.2
1.4
1.2

27
49
18
64
27

73
50
82
36
73

Table 2. Summary of cROCOP of 1, 2 and 3 under various polymerization conditions. All
polymerizations were performed in CH2Clz at room temperature for 72 h. “Monomer conversion
determined by '"H NMR spectroscopy. “Molecular weight and dispersity determined by SEC-
MALS in DMF. 'Samples obtained from reactivity ratio analysis experiments. *Sample could not
be precipitated in methanol for SEC-MALS. #A mixture of homopolymers poly2 and poly3 based

on DOSY NMR analysis.
No Ml M2 Catalyst Ml: Ml: Conversion? M? Pt Fy1 Fuys
M2 Cat (%) (kDa) %) (%)
1 1 2 Sc(OTf)s 1:1 50:1 1=45;2=280 5.9 1.5 42 58
2 1 2 Bi(OTf)s 1:1 50:1 1=41;2=76 6.3 1.2 42 58
3 1 2 PTA 1:1 50:1 1=0;2=0 - - - -
4" 1 2 In(OTf)s 1:1 50:1 1=24;2=47 - - - -
5 1 2 Bi(OTf)s 1:1 100:1 1=19;2=50 - - - -
6 1 2  BiOTf)z 1:1 200:1 1=0;2=0 - - - -
7 1 2 Bi(OTfH)s 3:1 50:1 1=70;2=65 5.4 1.5 65 35
8 1 2 BiOTf)s 1:3 17:1 1=54;2=87 6.9 1.6 22 78
9f 1 2 Bi(OTf)s 3:1 34:1 1=90;2=95 5.8 1.6 79 21
100 1 2 Bi(OTf)s 1:3 11:1 1=86;2=96 154 1.7 27 73
11 2 3 SeOTfy 1:1 50:1 2=11;3=58 Bimodal - - -
12 2 3 Bi(OTf)s; 1:1 50:1 2=0;3=72 - - - -
13% 2 3 In(OTf)s 1:1 50:1 2=88;3>99 17.3 1.6 30 70
14 2 3 PTA 1:1 50:1 2=88;3>99 Bimodal - - -




When the cROCOP of 1 and 2 at a 50 : 50 feed ratio of 1 : 2 was performed with the
different catalysts (Table 2, entries 1-4), we found that only Sc(OTf)3 and Bi(OTf)3 yielded poly(1-
co-2) with 42% incorporation of 1, with Bi(OTf)s resulting in slightly higher M,, and lower
dispersities under comparative conditions. Similar to previous screening studies, further
experiments were performed at lower Bi(OTf)3; loadings to target poly(1-co-2) with higher M,,.
However, it was found that at Bi(OTf)3 loadings < 2 mol% low or zero conversion of 1 was
achieved (Table 2, entries 5 and 6). It is hypothesized that a minimum catalyst loading of 1 mol%
is required to initiate the cROCOP of 1 and 2, likely due to the non-productive coordination of Bi
with the allylic/benzylic ether oxygens and the glucopyranose ring oxygen, as reported in our
previous study.*? It is possible that “extra” catalyst is needed to overcome the nonproductive
coordination effects discussed above and successfully initiate the copolymerization of 1 and 2.3
Moreover, similar high catalyst loadings were reported in earlier studies involving cROCOP of 1
with other protected levoglucosan derivatives.'%?° Nevertheless, a range of poly(1-co-2)
copolymers were synthesized with Bi(OTf)3 at different feed ratios of 1 : 2 with M,, varying from
5.4 to 15.4 kDa and copolymer composition of 1 ranging between 22% and 79% (Table 2, entries
7-10).

Finally, the cROCOP of 2 and 3 at a 50 : 50 feed ratio of 2 : 3 was also attempted with the
different catalysts (Table 2, entries 11-14), and the results show that only In(OTf)3 and PTA were
successful in initiating the polymerization of 2 and 3 at high monomer conversions. SEC analysis
of the obtained polymers revealed that the PTA catalyzed sample had a bimodal SEC distribution
likely suggesting the presence of two homopolymers instead of a copolymer (Figure S20, dotted
line). SEC analysis of the In(OTf)s catalyzed sample revealed a monomodal but broad molecular

weight distribution (Figure S20, solid line). To investigate whether the broad molecular weight



distribution was due to the presence of two homopolymers, the sample was subjected to diffusion-
ordered NMR spectroscopy (DOSY). DOSY analysis (Figure S21) demonstrated a broad and
tailing diffusion coefficient peak with distinct signals for monomers 2 and 3, likely indicating the
presence of homopolymers poly2 and poly3 instead of poly(2-co-3). These results demonstrate
that 2 and 3 are incompatible as comonomers for cROCOP, potentially due to drastic
homopolymerization kinetic differences between 2 and 3 (Table S1).%? It is noteworthy that the
levoglucosan pendant group identity can drastically affect cROCOP amenability, and this will be
investigated further in future studies with other levoglucosan-derived monomers. Nonetheless, to
summarize, the library of cROCOP experiments and corresponding SEC analysis showed
successful synthesis of poly(1-co-3) and poly(1-co-2) with a wide range of incorporation of 1 in
both the copolymers along with moderate M,, and dispersities.

The representative 'H NMR spectra of the purified poly(1-co-3) and poly(1-co-2)
copolymers are shown in figure 1A and 1B, respectively, with the corresponding peaks from each
monomer numbered and assigned further suggesting successful copolymer formation. The detailed
"H NMR analysis for determining conversion of each monomer and % incorporation of each
monomer in the final copolymer is described in sections 3 and 4 of the Supplementary Information,
respectively. "H NMR analysis of poly(1-co-2) also indicates that the alkene functionality in the
copolymer is intact after cROCOP with the allyl proton resonances at 5.91 ppm, 5.24 ppm, and
5.09 ppm. In our previous study we demonstrated that the multiple allylic pendant groups on the
homopolymer poly2 could be readily subjected to post-polymer modification.’? Similarly, the
allylic pendant groups of poly(1-co-2) copolymer can be subjected to post-polymerization
modification to further tailor polymer properties and access other interesting polymer architectures

such as amphiphilic copolymers.
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Figure 2. A) Reactivity ratio analysis for poly(1-co-3). Total polymerization conversion plotted
against monomer conversion: (@) tribenzyl levoglucosan and (m) e-caprolactone. Solid blue and
red lines represent fits to the experimental data using the BSL model, egs. 2 and 3, and the initial
compositions: n; = 0.75 and n; = 0.25. B) Reactivity ratio analysis for poly(1-co-2). Total
polymerization conversion plotted against monomer conversion: (®) tribenzyl levoglucosan and
(#) triallyl levoglucosan. Solid blue and green lines represent fits to the experimental data using
the BSL model, egs. 2 and 3, and the initial compositions: n; = 0.75 and n, = 0.25.

Apart from determining the percent incorporation of each monomer in the copolymer,
understanding the statistics of monomer addition in the copolymer is also crucial for elucidating
structure-property relationships as a function of copolymer composition. Therefore, determining
the reactivity ratios of a pair of monomers involved in copolymerization is important for a
complete understanding of the polymer microstructure. In the copolymerization of any two
monomers A and B, reactivity ratios 7, and 15 are used to distinguish between the four common
types of copolymerization behaviors, namely random (14 = rz = 1), alternating (r, = 15 = 0),
gradient (4, < 1 < rp), and blocky (14,75 >> 1).3%37 Therefore, the reactivity ratios for the
copolymerization of 1 and 3 as well as for the copolymerization of 1 and 2 were determined using
the Beckingham-Sanoja-Lynd (BSL) model.*¢*” The BSL model is an integrated and non-terminal
copolymerization model that describes the compositional drift in nonterminal copolymerizations.

3637 A non-terminal copolymerization model such as BSL can help distinguish between gradient
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and random copolymerization regimes. In general, in the case of ionic copolymerizations such as
cROCOP, the rate of monomer incorporation does not strongly depend on the identity of the chain
end (as assumed in a terminal model) but is instead primarily dependent on the chemistry of the
monomers.*® This is because in the case of cROCOP the monomer incorporation statistics are
dictated by the interaction of an incoming monomer with the cationic center, and this interaction
is independent of the last monomer in the chain.’® This type of copolymerization behavior is
referred to as ideal or non-terminal copolymerization (14 X 15 = 1), and this characteristic suggests
that the cROCOP of levoglucosan can be described by the BSL model.*?

To determine the reactivity ratios for the different copolymerizations, the conversion for
each monomer (p4 and pg) was monitored over time, and the total monomer conversion (p,5) was
calculated using eqn. (1), where n, and np are the initial mole fractions of A and B.° A plot of the
total monomer conversion (p4p) versus the individual monomer conversions (p4 and pg) was then
made and the resulting data was fit to egs (2) and (3) to determine the reactivity ratios r, and 5.6
To determine r; and 5 for the copolymerization of 1 and 3, a copolymerization kinetic study was
performed (details in SI Section 4.1) at a 1 : 3 feed ratio of 75 : 25. The plot of total monomer
conversion versus the individual monomer conversions and the corresponding BSL fits for poly(1-
co-3) are depicted in figure 2A. The reactivity ratios were determined to be r; = 0.32 + 0.03 and
r3 =2.94 £ 0.77, indicating that the copolymerization of 1 with 3 results in a gradient copolymer.
The product of the reactivity ratios is consistent with non-terminal copolymerization, i.e.,
71 X 13 = 0.94, as expected for an ionic copolymerization. These reactivity ratio values are
consistent with the compositional drift observed during the experiment, with 3 being consumed

earlier in the copolymerization. Furthermore, this analysis was repeated at a 1 : 3 feed ratio of 25
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: 75 resulting in consistent reactivity ratios and a gradient characteristic for poly(1-co-3) (SI

Section 4.1).

Total Conversion (pyg) =1 — ny *x (1 —py) — ng * (1 —pg) eqn. (1)
Pap (Pa) =1—nyx (1 —py) — (L —ny) (1 —py)8 eqn. (2)
Pap (Pp) =1 — ny* (1 —pp)™4 — (1 =ny) * (1 —pg) eqn. (3)

Similarly, to determine r; and r, for the copolymerization of 1 and 2, a copolymerization
kinetic study was performed (details in SI Section 4.2) ata 1 : 2 feed ratio of 75 : 25. The plot of
total monomer conversion versus the individual monomer conversions and the corresponding BSL
fits for poly(1-co-2) are depicted in figure 2B. In this case the reactivity ratios were determined to
be r; = 0.67 £ 0.03 and r, = 1.53 £ 0.07, and the product of reactivity ratios is again consistent
with non-terminal copolymerization, i.e., r; X 1, = 1.03. These reactivity ratio values also
indicate that the copolymerization of 1 with 2 results in a gradient copolymer. However, in
comparison to the reactivity ratio values for poly(1-co-3), it is likely that the resultant comonomer
sequence in poly(1-co-2) is a slight gradient as depicted in scheme 1B, due to the comparatively
smaller difference between 7, and r,.%° Finally, this analysis was also repeated at a 1 : 2 feed ratio
of 25 : 75 again resulting in a gradient characteristic for poly(1-co-2) (SI Section 4.2). Overall,
reactivity ratio analysis indicates a gradient microstructure for levoglucosan-based copolymers,
due to which these copolymers could be important in a variety of applications ranging from
biobased compatibilizers for immiscible polymer blends and TPEs to amphiphilic gradient
copolymers for biomedical applications.?

The thermal properties of the levoglucosan-based copolymers were examined via

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to understand

thermal transitions and thermal stability, respectively. DSC thermograms for poly(1-co-3) are
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shown in figure 3A and the corresponding data is summarized in figure 3E. DSC analysis shows
that poly(1-co-3) copolymers with up to 25 % incorporation of 1 demonstrated melting (T},,) and
crystallization transitions (T,) indicating the presence of crystalline domains in the copolymers.
Since poly1 is completely amorphous (figure 3E), the crystalline regions in poly(1-co-3) are likely
derived from CL homo-sequences, further supporting a gradient microstructure. DSC analysis of
poly(1-co-3) with up to 25 % incorporation of 1 also revealed an interesting double melting peak
which has been observed previously in other cyclic acetal-cyclic ester copolymers.*®#! A potential
explanation for this double melting phenomenon are the presence of lamellae with two different
thicknesses.**~** The glass transition temperature (T;) of poly(1-co-3) copolymers is between those
of poly1 and poly3 homopolymers (figure 3A and 3E), with the T; ranging from —44.3 °C to 21.5
°C when the copolymer composition changes from 16 % to 64 % incorporation of 1. Similarly, the
DSC thermograms for poly(1-co-2) are shown in figure 3B and the data is summarized in figure
3E. poly(1-co-2) copolymers are completely amorphous, and the T, of the copolymers is between
those of poly1 and poly2 homopolymers.

Lastly, the TGA curves for the native homopolymers and the copolymers poly(1-co-3) or
poly(1-co-2) are shown in figure 3C and 3D respectively. poly(1-co-3) demonstrated excellent
thermal stability with a Ty 199, (10% mass loss temperature) of >305 °C for copolymers with up to
49 % incorporation of 1. Comparatively, poly(1-co-3) with 64 % incorporation of 1 had a slightly
lower Ty 199, (287 °C), which could be attributed to the increasing content of acetal-ester units in
the copolymer chain as observed previously in the copolymerization of lactide with dioxolane.*!
poly(1-co-2) demonstrated moderate thermal stability with T 14, >220 °C for all copolymers with
T4 109, increasing to 289 °C with 65 % incorporation of 1. The lower thermal stability of poly(1-

co-2) copolymers containing higher % of 2 could be attributed to the fragmentation of pendant
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allylic ether groups in the copolymer which starts around 225 °C, as reported in literature.*’
Overall, these results exemplify that the thermal properties of levoglucosan-based copolymers can
be tailored over a wide range by modifying the copolymer composition and levoglucosan pendant
group.

In conclusion, we have presented a scalable synthetic platform to access levoglucosan and
e-caprolactone based copolymers with different pendant functional groups via cROCOP. Through
systematic screening experiments, we identified bismuth triflate as the catalyst for cROCOP of
levoglucosan under mild conditions. Our screening studies indicated successful copolymer
formation from tribenzyl levoglucosan and e-caprolactone, as well as from tribenzyl and triallyl
levoglucosan derivatives. The multiple pendant allylic groups preserved in the copolymer can be
easily reacted via post-polymerization modification to modify properties and create other polymer
architectures. The copolymer composition was controlled by the feed ratio and a series of
copolymers with tribenzyl levoglucosan composition ranging from 16 % to 79 % were prepared.
Monomer reactivity ratio analysis indicated a predominantly gradient microstructure for
levoglucosan-based copolymers. These copolymers generally demonstrated good thermal stability
as well as tunable T (ranging from —44.3 °C to 33.8 °C) and crystallization behavior based on the
copolymer composition. We believe this work may stimulate the development of other sugar-based
copolymers via simultaneous ring-opening polymerization chemistries for next generation

sustainable and biocompatible polymeric materials.
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Figure 3. A) Comparison of the DSC thermograms for poly(1-co-3) with different tribenzY7l



levoglucosan contents. B) Comparison of the DSC thermograms for poly(1-co-2) with different
tribenzyl levoglucosan contents. C) Comparison of TGA curves for poly1, poly3, and poly(1-co-
3) with different tribenzyl levoglucosan contents. D) Comparison of TGA curves for polyl, poly2,
and poly(1-co-2) with different tribenzyl levoglucosan contents. E) Summary of thermal properties
of levoglucosan-based copolymers.

Notes
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