
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
00

:3
9:

26
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Stereoregular fun
aDepartment of Chemical Engineering and M

Minneapolis, Minnesota 55455, USA. E-mail:
bDepartment of Chemistry, University of Mi

USA. E-mail: treineke@umn.edu
cUnderwriters Laboratories Inc., 333 Pngst

† Electronic supplementary informa
10.1039/d2sc00146b

‡ Co-second authors.

Cite this: Chem. Sci., 2022, 13, 4512

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th January 2022
Accepted 8th March 2022

DOI: 10.1039/d2sc00146b

rsc.li/chemical-science

4512 | Chem. Sci., 2022, 13, 4512–45
ctionalized polysaccharides via
cationic ring-opening polymerization of biomass-
derived levoglucosan†

Mayuri K. Porwal, a Yernaidu Reddi, ‡b Derek J. Saxon, ‡b

Christopher J. Cramer, bc Christopher J. Ellison *a and Theresa M. Reineke *b

We report the facile synthesis and characterization of 1,6-a linked functional stereoregular polysaccharides

from biomass-derived levoglucosan via cationic ring-opening polymerization (cROP). Levoglucosan is

a bicyclic acetal with rich hydroxyl functionality, which can be synthetically modified to install a variety of

pendant groups for tailored properties. We have employed biocompatible and recyclable metal triflate

catalysts – scandium and bismuth triflate – for green cROP of levoglucosan derivatives, even at very low

catalyst loadings of 0.5 mol%. Combined experimental and computational studies provided key kinetic,

thermodynamic, and mechanistic insights into the cROP of these derivatives with metal triflates.

Computational studies reveal that ring-opening of levoglucosan derivatives is preferred at the 1,6

anhydro linkage and cROP proceeds in a regio- and stereo-specific manner to form 1,6-a glycosidic

linkages. DFT calculations also show that biocompatible metal triflates efficiently coordinate with

levoglucosan derivatives as compared to the highly toxic PF5 used previously. Post-polymerization

modification of levoglucosan-based polysaccharides is readily performed via UV-initiated thiol–ene click

reactions. The reported levoglucosan based polymers exhibit good thermal stability (Td > 250 �C) and
a wide glass transition temperature (Tg) window (<�150 �C to 32 �C) that is accessible with thioglycerol

and lauryl mercaptan pendant groups. This work demonstrates the utility of levoglucosan as

a renewably-derived scaffold, enabling facile access to tailored polysaccharides that could be important

in many applications ranging from sustainable materials to biologically active polymers.
Introduction

Polymers are indispensable in modern life and the global
economy; however, more than 90% of current synthetic poly-
mers are derived from fossil fuels and 87% of these produced
polymers contribute to plastic waste, usually aer a single
use.1–4 Lignocellulosic biomass is one of the most promising
renewable feedstocks for sustainable polymers due to its
worldwide abundance and availability.5–10 The major compo-
nent of lignocellulosic biomass is cellulose, and thermochem-
ical conversion processes—such as fast pyrolysis—provide an
efficient route to convert biomass cellulose into renewable
chemicals.5–8 The major product of cellulose fast pyrolysis is
levoglucosan (Fig. 1A), which can be obtained with yields as
aterials Science, University of Minnesota,

porwa001@umn.edu; cellison@umn.edu

nnesota, Minneapolis, Minnesota 55455,
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22
high as 80%.11–14 Not surprisingly, levoglucosan has been
identied as a building block for high value-added chemicals,
pharmaceuticals, and surfactants.13–15 As a result, there has
been increasing interest in the commercial production of lev-
oglucosan from biomass. Techno-economic analyses indicate
that levoglucosan could be produced by thermochemical
conversion at a low cost of $1.33 per kg to $3.0 per kg, which is
competitive with many petroleum-derived monomers.12,15–17

Structurally, levoglucosan is an attractive feedstock for the
synthesis of sustainable polymers. This anhydrosugar contains
a bicyclic acetal linkage (Fig. 1A, highlighted in orange) that is
amenable to cationic ring-opening polymerization (cROP).18

Levoglucosan also offers rich functionality due to its three
hydroxyl groups, which can be synthetically modied prior to
cROP to install a variety of pendant groups for tailored prop-
erties. Furthermore, the incorporation of the rigid glucopyr-
anose ring in the polymer backbone via cROP can increase the
thermal stability of levoglucosan based polysaccharides.19

Stereoregular polysaccharides are also of interest in biological
and biomedical applications such as drug delivery and blood
anti-coagulation due to their biocompatibility, multiple func-
tionalities, and stereochemistry dependent properties.20–24 In
addition, stereoselective cROP of levoglucosan to obtain
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic depicting synthesis of levoglucosan (1) from
cellulosic biomass via fast pyrolysis. In this work, tribenzyl (2) and triallyl
levoglucosan monomers (3) are subjected to metal triflate catalyzed
cROP to synthesize poly(2) and poly(3) respectively. UV-initiated
thiol–ene click reaction is utilized for further modification of poly(3).
(B) Isodesmic reaction for ring-opening of 2 and 3 with dimethyl ether
and the corresponding ring strain free energies (kcal mol�1) at the
SMD(DCM)/M06-2X/6-311++G(d,p)//SMD(DCM)/M06-L/6-31+G(d,p)
level.
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View Article Online
polysaccharides with 1,6-a-glycosidic linkages is attractive from
a sustainability standpoint since these linkages have demon-
strated susceptibility to enzymatic and acidic hydrolysis.25–27

Despite these advantages, levoglucosan has received consider-
ably less attention in the sustainable polymers eld as
compared to levoglucosenone,28–37 another anhydrosugar than
can be obtained in small quantities from cellulose pyrolysis.13

The cROP of protected levoglucosan derivatives was rst re-
ported more than 50 years ago, however the synthetic routes
employed had some major drawbacks.38 These derivatives are
generally synthesized from levoglucosan by reaction with alkyl/
aryl bromide in the presence of sodium hydride in
© 2022 The Author(s). Published by the Royal Society of Chemistry
dimethylformamide, which is hazardous due to its thermal
instability.39–43 Benzyl and allyl derivatives of levoglucosan have
been two of the most widely studied monomers with cROP
proceeding at low temperatures in the presence of PF5 or
TMSOTf.44–46 The resulting polymers were de-benzylated/de-
allylated for use as polysaccharide mimetics and HPLC
stationary phases, respectively.38,44,47 These polymerization
conditions can afford high molecular weight polymers (Mn of 50
kDa), however reaction times were generally long (80 h) and
initiators (PF5 & TMSOTf) that are both highly toxic and difficult-
to-handle were used.38,48 Additionally, in these previous studies
stereoselective cROP of levoglucosan required rigorous condi-
tions such as high vacuum and very low temperature (�60 �C for
the tribenzyl monomer, 0 �C for the triallyl monomer).38,41,44,45

Overall, identication of alternative low toxicity catalysts for
cROP of levoglucosan under mild conditions has remained
a challenge, thereby hindering their large scale and sustainable
synthesis. This has potentially limited the use of levoglucosan in
the sustainable polymers eld as compared to other biomass-
derived sugars such as levoglucosenone.

Despite the initial investigations in cROP of levoglucosan,
the material properties of the resulting polysaccharides have
not been characterized and computational insight into the
thermodynamics andmechanism of levoglucosan cROP has not
been provided. Additionally, very limited work has been done to
utilize the rich hydroxyl functionality of levoglucosan for the
synthesis of functional polysaccharides. Fu et al. synthesized
amphiphilic polysaccharides by ring-opening copolymerization
of tripropargyl levoglucosan, followed by azide–alkyne cycload-
dition modication of the copolymer.49 However to the best of
our knowledge this is the only example of reactive levoglucosan-
based materials, providing ample space for the development
and characterization of functional levoglucosan polymers.
Taken together, these factors have led us to explore methods to
improve levoglucosan polymerization conditions while
preserving reactive functionalities for polymer modication.

Herein, we report a synthetic platform for stereoregular 1,6-
a linked levoglucosan-based polysaccharides with different
pendant functional groups. An array of catalysts was screened
for the cROP of levoglucosan-based benzyl (Bn) 2 and allyl (All) 3
functional monomers (Fig. 1A) to identify green alternatives.
Scandium and bismuth triate—which are biocompatible and
recyclable catalysts—were identied as promising candidates
and used for further studies to understand the kinetics, ther-
modynamics, and mechanism of ring-opening for 2 and 3. Post-
polymerization modication of poly(3) was performed with UV-
mediated thiol–ene click chemistry to afford functional poly-
mers with a range of solubility and thermal properties. This
work paves the way for future development of this renewable
platform, enabling facile access to tailored polysaccharides for
sustainable polymers to biomaterials applications.

Results and discussion
Monomer synthesis

Monomer 2 was purchased from a commercial supplier and
monomer 3 was synthesized on a multi-gram scale using
Chem. Sci., 2022, 13, 4512–4522 | 4513
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a modied method for the etherication of starch (75% yield,
ESI Sections 2.1 & 9.1†).50 This synthetic route is safe with easy
to handle reagents, employing NaOH as a mild base in dimethyl
sulfoxide. We also explored a “greener” synthetic pathway for 3
using NaOH, a phase-transfer catalyst, and water as the reaction
medium;51 the monomer was successfully prepared with this
method, albeit in lower yield (36% yield; ESI Section 2.2†).
Screening of cROP conditions

Combined molecular mechanics and density functional theory
(DFT) calculations were performed to determine the ring-strain
free energies for isodesmic reaction of 2 and 3 with dimethyl
ether. Unsurprisingly, both the monomers have comparable
ring-strain values, and for both 2 and 3 ring-opening is ener-
getically favored at the 1,6-anhydro linkage over the 1,5-linkage
(Fig. 1B), supporting polymerization of 2 and 3.

To identify less toxic catalysts to promote cROP of 2 and 3,
and to understand the effect of solvent and catalyst loading on
cROP of 2 and 3, a library of polymerization experiments was
performed. We initially screened a range of metal and organic
catalysts due to their commercial availability, low toxicity, and
ability to ring open cyclic ethers for the polymerization of 2
(Fig. S3 and Table S1†).48,52–58 Cationic initiators BF3OEt2 and
MeOTf that are conventionally employed for cROP of cyclic
acetals were also screened in addition to the array of catalysts
for direct comparison.57,58 All screening reactions took place at
room temperature for 72 h in dichloromethane (initial mono-
mer concentration [M]0 ¼ 1.0 mol L�1). Successful catalysts
were then used to screen cROP of 3; two metal triates [Sc(OTf)3
and Bi(OTf)3] were identied for cROP of both 2 and 3 (Table 1,
Table 1 Summary of cROP of 2 and 3 under various polymerization con

No. Monomer Cat. Solvent CH2C12 : MeCN [M]0 (mo

1 2 Sc(OTf)3 100 : 0 1
2 2 Bi(OTf)3 100 : 0 1
3 2 Sc(OTf)3 100 : 0 2
4 2 Sc(OTf)3 100 : 0 2
5 2 Sc(OTf)3 99 : 1 2
6 2 Sc(OTf)3 99 : 1 2
7 3 Bi(OTf)3 100 : 0 1
8 3 Sc(OTf)3 100 : 0 1
9 3 Bi(OTf)3 100 : 0 Bulk
10 3 Bi(OTf)3 100 : 0 Bulk
11 3 Bi(OTf)3 99 : 1 2
12 3 Bi(OTf)3 99 : 1 Bulk

a Monomer conversion determined by 1H NMR spectroscopy. b Molecular

4514 | Chem. Sci., 2022, 13, 4512–4522
entries 1, 2, 7, 8). Both metal triates provided comparable
conversion to the BF3OEt2 and MeOTf controls (Table S2†) and
provide the additional benet of being recyclable (via a simple
aqueous extraction) while not releasing corrosive byproducts
such as triic acid commonly released by alkyl triates.48

However, these metal triates have limited solubility in
dichloromethane and hence further studies were performed to
understand solvent effects.

We investigated the addition of varying quantities of aceto-
nitrile (MeCN), which is a better solvent for the catalyst, in the
polymerization mixture. To our surprise, no polymerization
occurred when >10% MeCN by volume was present in the
reaction medium. Moreover, monomer conversion generally
decreased with increasing amount of MeCN from 0–10%
(Tables S3 and S4†) and we hypothesize this is due to the better
solvation of the ionic active species by MeCN, as reported in the
literature.59,60 We then studied the effect of varying catalyst
loading on cROP of 2 and 3 and found that polymerization of
both monomers could be conducted at M(OTf)3 loadings as low
as 0.5 mol% (Table 1, entries 4, 6, 10). Notably, the pendant
groups do not seem to drastically impact conversion, as similar
values were observed for both the monomers likely due to their
comparable ring-strain (Fig. 1B). With the identied metal tri-
ates, Mw values up to 18.6 kDa for poly(2) (DP ¼ 31) and 12.5
kDa for poly(3) (DP ¼ 24) could be achieved with moderate
dispersities (Table 1, entries 5 and 12). These moderate
molecular weights are most likely caused by intermolecular
chain transfer and back-biting reactions which are common
features in cROP of cyclic acetals.57 Chain transfer reactions are
favored in the cROP of cyclic acetals due to the higher basicity of
oxygen atoms in the polymer chain as compared to the
ditions

l L�1) [M] : [cat] Conva (%) DPb Mw
b (g mol�1) Đb

50 : 1 74 16 11 030 1.6
50 : 1 84 8 4400 1.3
100 : 1 82 17 12 200 1.6
200 : 1 71 27 16 500 1.4
100 : 1 57 31 18 600 1.4
200 : 1 34 22 13 400 1.4
20 : 1 86 13 6100 1.7
20 : 1 77 12 7900 2.3
100 : 1 75 24 10 500 1.5
200 : 1 71 21 9500 1.7
100 : 1 68 16 6600 1.5
100 : 1 97 24 12 500 1.9

weight and dispersity determined by SEC-MALS in DMF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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monomer.57 Moreover, it is hypothesized that metal triate
mediated cROP of levoglucosan derivatives follows a catalytic
approach as reported in the literature.54 In a catalytic approach,
one metal triate molecule catalytically produces a large
number of polymer molecules, thereby leading to shorter
polymer chains.54 Since the metal triate mediated cROP of
levoglucosan follows a catalytic approach, calculating a desired
or target molecular weight for a given set of polymerization
conditions is difficult.
Thermodynamics of polymerization

DFT calculations were employed to provide insights into the
mechanism of levoglucosan cROP catalyzed by Bi(OTf)3,
Sc(OTf)3, and PF5 (as a control for comparison to previous
studies), as well as to understand catalyst efficiency. Various
mechanistic pathways were considered (higher energy pathways
are provided in the ESI Section 11†), and the lower energy
pathway is depicted in Fig. 2A. First, monomer 2 or 3 is activated
Fig. 2 (A) Key mechanistic steps for cROP of 2 and 3 catalyzed by Lewi
linkages (TS1) and nucleophilic additions of monomers 2 and 3 (TS2)
nucleophilic addition of monomers 2 or 3 to I2 to form intermediate I4
formation of intermediate I3 (pseudo-axial approach; Fig. S46†). (B) Table
(C) Alternative pathway for cROP of 2 catalyzed by Sc(OTf)3 and the c
activation (kcal mol�1) with respect to I1 at the SMD(DCM)/uB97X-D/def2-
level.

© 2022 The Author(s). Published by the Royal Society of Chemistry
by the catalyst to form a thermodynamically stable complex (I1).
When PF5 is utilized as the catalyst, activation of 2 or 3 is
unfavorable relative to the metal triates due to poor coordi-
nation of PF5. This suggests that PF5 exhibits less efficient
initiation, leading to the high Mn observed in previous
studies.44,46 Aer the rst step, I1 undergoes ring opening of 1,6-
anhydro linkage to generate the carbenium intermediate I2
through a TS structure TS1, and the activation free energies are
similar for monomer 2 or 3 with their respective catalysts,
Bi(OTf)3 and Sc(OTf)3 (Fig. 2A, B and S45†). Next, the nucleo-
philic addition of another molecule of monomer to the elec-
trophilic carbon of intermediate I2 generates intermediate I3
via a pseudoaxial approach through TS2. In this step, the DG‡

values for nucleophilic addition of 2 and 3 are similar in all
cases (Fig. 2B). Interestingly, it is evident that computed ener-
getics of the nucleophilic addition of monomer to I2 to form the
alternative intermediate structure I4 (Fig. 2A) indicate it as
energetically disfavored (possibly due to the steric hindrance
s acid. Transition-state structures for the ring-opening of 1,6-anhydro
catalyzed by various Lewis acids. Computed energetics indicate that
(pseudo-equatorial approach) is energetically disfavored compared to
depicting computed energetics in kcal mol�1 for keymechanistic steps.
ROP of 3 catalyzed by Bi(OTf)3. The corresponding free energies of
TZVP, def2-TZVPjSDD(Bi)//SMD(DCM)/M06-L/6-31+G(d,p), LanL2DZ(Bi)

Chem. Sci., 2022, 13, 4512–4522 | 4515
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between the incoming monomer and catalyst), thereby leading
to stereospecic cROP of 2 and 3 (Fig. S46, ESI Section 11.3†).
Further, Fig. 2C shows that the monomer addition at C6 of 2
and 3 is energetically disfavored compared to the anomeric
carbon. This indicates that cROP proceeds in a regiospecic
manner with attack on the anomeric carbon to form 1,6-glyco-
sidic linkages. Finally, computational mechanistic insights also
provide some understanding of the moderate molecular
weights observed experimentally. Specically, higher energy
barrier pathways may contribute to slower propagation leading
to shorter polymer chains (Fig. S48†). Finally, the increase in
DG‡ and the increase in charge separation between the active
ionic species with increased chain length may hinder propa-
gation to high molecular weight polymer.

Polymer stereoregularity
1H NMR analysis of poly(2) and poly(3) compared to the
respective monomers indicates that the polymers possess 1,6-a
glycosidic stereoregularity as the anomeric proton resonances
(in the b-conguration) appeared at 4.94 ppm (Fig. 3B and D).41

Additionally 13C NMR of poly(2) and poly(3) also showed the
a conguration as the anomeric carbon resonances appeared at
97.8 ppm and 97.4 ppm, respectively (Fig. S35 and S37†).41,49 The
stereoregularity of the polymers was also conrmed via optical
rotation measurements. The optical rotation values for poly(2)
and poly(3) were measured to be +91.5 cm3 dm�1 g�1 and
+84 cm3 dm�1 g�1 respectively, with the optical rotation values
for 2 and 3 being �31.5 cm3 dm�1 g�1 and �45 cm3 dm�1 g�1,
respectively. Overall, these results indicate that the cROP of 2 and
3 with metal triates yields highly stereoregular levoglucosan
polymers with 1,6-a glycosidic linkages. Notably, this work
Fig. 3 1H NMR spectra of (A) monomer 2, (B) poly(2), (C) monomer 3, and

4516 | Chem. Sci., 2022, 13, 4512–4522
demonstrates that highly stereoregular levoglucosan polymers
can be synthesized under mild conditions without the need for
an energy intensive process involving high vacuum and low
temperatures, as reported previously. 1H NMR analysis also
indicates that the alkene functionality in poly(3) is intact during
cROP with the vinyl proton resonances at 5.91 ppm, 5.27 ppm
and 5.14 ppm. The successful synthesis of poly(3) while
preserving multiple pendant allyl groups will further allow for
click-chemistry modications.

Kinetics of polymerization

Apart from understanding the ring-opening mechanism, we
were also interested in investigating the cROP kinetics for each
monomer to determine optimum reaction time (ESI Section 5†
for details). We observed a short induction period of �20 min
during cROP of 2 (Table S7 and Fig. S5†), which reaches an
equilibrium conversion of 64% in #24 h (Fig. 4A). Conversely,
cROP of 3 has a much longer induction period of �4 h (Table
S8†) and reaches an equilibrium conversion of 83% in #72 h
(Fig. 4B). Remarkably, the induction period for cROP of 3, as
evidenced by 1H NMR spectroscopy, was accompanied with
a drastic color change in the solution throughout the 4 h period
(Fig. S10 and S11†). We hypothesize that this long cROP
induction period of 3 is due to the non-productive coordination
of Bi(OTf)3 with the allylic ether oxygens and the glucopyranose
ring oxygen. This was supported by DFT energetics calculations
depicting that non-productive coordination of Bi with the allylic
ether oxygens and the glucopyranose ring oxygen is favored at
multiple locations (Fig. 4C). Furthermore, while comparing 2
and 3, we nd that the relative free energies of binding the
M(OTf)3 to each of these respective oxygen atoms vary slightly
(D) poly(3). Corresponding integrations are depicted in grey numbers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Conversion-time plot for cROP of 2 with Sc(OTf)3. Polymerization conditions: [2]0 ¼ 2 M, 2 : Sc(OTf)3 ¼ 200 : 1. (B) Conversion-time
plot for cROP of 3 with Bi(OTf)3. Polymerization conditions: [3]0 ¼ 7 M, 3 : Bi(OTf)3 ¼ 100 : 1. Monomer conversion determined by 1H NMR
spectroscopy. Error bars based on true values. (C) Coordination modes for monomer 3 with LA (Bi(OTf)3) and the corresponding binding free
energies (DG‡ in kcal mol�1) are provided in the parenthesis.
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(Fig. 4C and S44†). However, the free energy trends and
magnitudes are similar across both 2 and 3. Along with tracking
conversion over time, the molar mass and dispersity of the
growing polymer chains was also monitored throughout this
kinetic study. For poly(2), the Mn increased up to 40% conver-
sion (Fig. S18†), and for poly(3) the Mn increased up to 60%
conversion (Fig. S19†). Lastly, narrow dispersities were main-
tained for poly(2) throughout the reaction duration (�1.2 to 1.4,
Fig. S20†), whereas for poly(3) dispersity was higher in the
initial stages and gradually decreased to a stable value (�1.5,
Fig. S21†).
Thiol–ene post polymerization modication

The allylic pendant groups enable facile post-polymerization
modication of poly(3), which we envisioned could serve as
a stereo- and regio-regular scaffold for rapid, UV-initiated
thiol–ene click reactions for further tailoring polymer
© 2022 The Author(s). Published by the Royal Society of Chemistry
properties.61 Such a renewably-derived and stereoregular
scaffold is attractive for many applications such as sustainable
polymers and biologically active polymers. Thioglycerol and
lauryl mercaptan were chosen as model thiols as they are
structurally similar to renewable glycerol and lauryl
alcohol.7,62,63 Additionally, the contrast in hydrophilicity/
hydrophobicity of these thiols was expected to provide
starkly different properties aer modication (Fig. 5A). Real-
time Fourier-transform infrared (RT-FTIR) spectroscopy was
used to study the kinetics of thiol–ene reactions with poly(3).
Fig. 5B depicts the kinetic data for the formation of poly(4) and
poly(5) based on the conversion of the C]C functional groups
in poly(3). Both the reactions reach a plateau conversion of
>99% in �1 min, suggesting near full consumption of the
allylic pendant groups in poly(3). 1H NMR analysis of puried
poly(4) and poly(5) indicates complete disappearance of
vinylic proton signals as shown in Fig. 5C and D. Analysis of
poly(4) and poly(5) by size-exclusion chromatography also
Chem. Sci., 2022, 13, 4512–4522 | 4517
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Fig. 5 (A) Schematic depicting post-polymerization modification of poly(3) by UV-initiated thiol–ene reaction with 1-thioglycerol and lauryl
mercaptan to create poly(4) and poly(5) respectively. (B) Post-polymerization modification kinetic data depicting conversion of the C]C
functional groups in poly(3) during UV irradiation. The ratio of thiol to ene groups in both the formulations is 1 : 1. (C) 1H NMR spectrum of poly(4)
in CD3OD indicating complete disappearance of C]C proton signals. (D) 1H NMR spectrum of poly(5) in CDCl3 indicating complete disap-
pearance of C]C proton signals. (E) TGA curves (under N2, 10 �C min�1) of the levoglucosan-based polymers and control dextran. (F) DSC
thermogram (second heating, 10 �C min�1) of poly(5) depicting the double melting peak.
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showed an increase in Mn as compared to poly(3), but some of
this increase may be due to fractionation as a result of puri-
cation steps (Table S9†). The solubility of synthesized poly-
mers was tested in a range of solvents (Table S10†). As
4518 | Chem. Sci., 2022, 13, 4512–4522
expected, poly(4) and poly(5) display starkly different solubility
properties, with poly(4) being the only water-soluble polymer
in the synthesized library.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Thermal properties

Lastly, the thermal properties of the synthesized poly-
saccharides were examined via thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to under-
stand thermal stability and thermal transitions respectively.
Dextran, a natural and commercial polysaccharide, was used as
a control because it also contains 1,6-a-glycosidic linkages and
glucopyranose rings. Except for poly(3), each of the homopoly-
mers demonstrated excellent thermal stability with a Td,10% >
300 �C (Fig. 5E), consistent with the thermal stability of dextran
and trimethylated levoglucosan polymer (Td,10% ¼ 347 �C).19

Comparatively, poly(3) had a slightly lower Td,10% (250 �C),
which could be attributed to the fragmentation of pendant
allylic ether groups at this temperature, consistent with litera-
ture.64 In general, levoglucosan-based polysaccharides possess
excellent thermal stability even at moderate molecular weights,
likely due to the rigid glucopyranose ring in the backbone. The
glass transition temperature (Tg) of poly(2), poly(3), and poly(4)
was observed to be 32 �C, 5 �C, and �14 �C, respectively (Fig.
S24–S26†); no Tg was observed for poly(5) down to �150 �C,
which is consistent with other lauryl-pendant polymers.62,65 The
Tg values of poly(2), poly(3), and poly(5) are predictably lower
than that of the control dextran (199 �C), potentially due to the
strong hydrogen bonding between unsubstituted dextran
chains. Surprisingly, poly(4) exhibited a sub-zero Tg despite the
presence of pendant hydroxyl groups, potentially due to the
added exibility of the aliphatic methylene units. Additionally,
the Tg for poly(2) is lower than that of trimethylated levoglu-
cosan polymer (Tg �300 �C).19 It is hypothesized that this result
can be explained based on the steric bulk of pendant groups. As
compared to methyl groups, benzyl groups possess higher steric
bulk, leading to higher free volume between adjacent polymer
chains. A higher free volume will allow polymer chains to slide
past each other more easily, thereby resulting in a lower Tg.
Overall, DSC analysis demonstrates that the Tg of levoglucosan-
based polysaccharides can be tailored based on the identity of
the pendant groups, with a remarkable Tg window of >180 �C
accessible with the few pendant groups evaluated in this study.

DSC analysis also revealed an interesting double melting
peak for poly(5) as shown in Fig. 5F (Tm1 ¼ �5 �C, Tm2 ¼ 9 �C).
The crystallinity of poly(5) is most likely due to lauryl side chain
crystallization, also observed in other polymeric systems with
lauryl side chains.62,65 However, the double melting phenom-
enon could be caused by multiple factors. One explanation is
the lamellar thickness model, which attributes the double
melting behavior to the presence of lamellae with two different
thicknesses.66–68 Other potential explanations include the crys-
tallization of poly(5) chains with varying degrees of side chain
functionalization and some extent of polysaccharide backbone
crystallization. It is also worth highlighting that even at
moderate molecular weights, poly(3) offers very high function-
ality for modication (for Mn ¼ 6.7 kDa the number of allyl
groups ¼ 72), enabling the facile synthesis of highly functional
materials. The high thermal stability, wide range of accessible
Tg values, and the potential crystallization phenomena of these
derivatives demonstrate that poly(3) is an excellent renewable
© 2022 The Author(s). Published by the Royal Society of Chemistry
scaffold for post-polymerization reactions to tailor properties to
desired applications in a variety of applications. Furthermore,
the levoglucosan platform provides easy access to fully func-
tionalized dextran derivatives with the ability to install the
desired pendant group both pre- and post-polymerization.

Conclusions

In conclusion, we have synthesized functional stereoregular 1,6-
a linked polysaccharides with tunable thermal properties from
cellulose-derived levoglucosan via cROP and post-
polymerization thiol–ene click reactions. Through systematic
screening experiments, we have identied green and recyclable
metal triate catalysts for cROP of levoglucosan derivatives
under mild conditions. We have also provided kinetic, ther-
modynamic, and mechanistic insights into cROP of these
derivatives. Computational studies reveal that initial ring-
opening of levoglucosan derivatives is energetically favored at
the 1,6 anhydro linkage and subsequently nucleophilic addition
of monomer to the carbenium intermediate leads to 1,6-
a glycosidic linkages in a regio- and stereo-specic manner. The
allyl-functional polymer has been identied as an excellent
scaffold for synthesis of highly functional materials via rapid,
UV-meditated thiol–ene modications. Levoglucosan-based
polysaccharides generally demonstrate excellent thermal
stability and a vast Tg window of >180 �C is accessible with the
few pendant groups highlighted in this study. We believe that
levoglucosan exhibits great potential as a renewable feedstock
for the development of next generation sustainable and
biocompatible polymers with tailored properties.
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